University of Massachusetts Amherst

ScholarWorks@UMass Amherst
Open Access Dissertations
9-2011

Phase Behavior of Block Copolymers in Compressed CO2 and as
Single Domain-Layer, Nanolithographic Etch Resists For Sub-10
nm Pattern Transfer
Curran Matthew Chandler
University of Massachusetts Amherst

Follow this and additional works at: https://scholarworks.umass.edu/open_access_dissertations
Part of the Polymer and Organic Materials Commons

Recommended Citation
Chandler, Curran Matthew, "Phase Behavior of Block Copolymers in Compressed CO2 and as Single
Domain-Layer, Nanolithographic Etch Resists For Sub-10 nm Pattern Transfer" (2011). Open Access
Dissertations. 422.
https://doi.org/10.7275/2384381 https://scholarworks.umass.edu/open_access_dissertations/422

This Open Access Dissertation is brought to you for free and open access by ScholarWorks@UMass Amherst. It
has been accepted for inclusion in Open Access Dissertations by an authorized administrator of
ScholarWorks@UMass Amherst. For more information, please contact scholarworks@library.umass.edu.

PHASE BEHAVIOR OF BLOCK COPOLYMERS IN COMPRESSED CO2 AND AS SINGLE DOMAIN‐
LAYER, NANOLITHOGRAPHIC ETCH RESISTS FOR SUB‐10 NM PATTERN TRANSFER

A Dissertation Presented
by
CURRAN MATTHEW CHANDLER

Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
September 2011
Polymer Science and Engineering

© Copyright by Curran Matthew Chandler 2011
All Rights Reserved

PHASE BEHAVIOR OF BLOCK COPOLYMERS IN COMPRESSED CO2 AND AS SINGLE DOMAIN‐
LAYER, NANOLITHOGRAPHIC ETCH RESISTS FOR SUB‐10 NM PATTERN TRANSFER

A Dissertation Presented
by
CURRAN MATTHEW CHANDLER

Approved as to style and content by:
__________________________________________
James J. Watkins, Chair
__________________________________________
Samuel P. Gido, Member
__________________________________________
Mark T. Tuominen, Member

______________________________________
David A. Hoagland, Department Head
Polymer Science and Engineering

DEDICATION

To Holly.

ACKNOWLEDGMENTS
First and foremost, I would first like to thank my thesis advisor, Professor James J.
Watkins, for the opportunity to be a part of his research group. I have had the privilege of
being involved with interesting projects and opportunities including offsite research and
experiments, conferences, and organizations that have been instrumental in my graduate
development. Jim has been a great source of direction and patience when needed while
providing only sound advice and honest opinions during the confusion that is sometimes
graduate school. His practical approach to everything under the sun has been a great asset
that has had an enormous influence on us all. I am also greatly thankful to have had two
excellent committee members, Professor Samuel Gido and Professor Mark Tuominen. I
cannot thank them enough for both all their help and advice. I was lucky enough to have
Sam as an instructor in my first year of classes and have clear memories of his lectures,
which always included pauses to elaborate on some interesting and always funny
experiences of his somehow related to the day’s coursework.
I must also mention my undergraduate research advisor at the University of
Southern Mississippi, the late Professor Charles Hoyle. He was a passionate scientist with an
interesting sense of humor. His enthusiasm and desire to help and support his students will
be forgotten by no one.
It has been a pleasure to work with all of the members of the Watkins group, past
and present ‐ many of whom I came to know very well. Sumit Agarwal and Tim Francis got
me started on my first projects. David Hess, Adam O’Neil, Chris Karanikas, and Nick
Hendricks were the best office mates I could ask for. Alvin Romang has been a great friend
with whom I have spent countless hours discussing everything from science and politics to

v

the best ways to cook barbecue or repair our cars. Dan Miranda, Chris Ziegler, Chris
Karanikas, Nick, Li Yao, Michael Beaulieu, Eric Anderson, and Alvin, who were either a part
of the “coupon crew” or the lunch group, always made lunch and life in general both in and
out of the lab full of great experiences. Vikram Daga has always been a good friend and lab
mate to gauge a scientific idea. I’d also like to thank YuYing Tang for being a great source of
help and advice while job searching, and Nick as well for not only his help around the lab
and making patterned templates for me, but also for his interest in introducing me to
important job contacts.
I would also like to thank Sekar Dhanasekaran, who has been indispensible with his
help with many of the instruments I used on a daily basis. I’ve also greatly enjoyed our
conversations about everything from science and instrumentation, to politics and culture in
general while I spent countless hours on both the AFM and ellipsometer. John Nicholson
was also instrumental in providing a well‐functioning cleanroom, instruments, and advice.
Lisa Groth and Jo‐Ann Bourguignon have on the administrative side helped me more than
imaginable, and for their help I am greatly appreciative.
My family – my two brothers, my sister, and my parents Creighton and Kathy have
been a source of endless support throughout my time here, and they have been behind me
from the very beginning. I also want to acknowledge both my mother‐in‐law and father‐in‐
law for their support as well. I cannot thank each and every one of them enough. And I
would at last like to acknowledge the help, love, support, and the patience that I have
received from my wife, Holly. For me she has endured the cold and many feet of snow, my
late nights in the laboratory, and now two cross‐country moves. For this I will be forever
grateful. For these reasons and more, I have dedicated this dissertation to her.

vi

ABSTRACT
PHASE BEHAVIOR OF BLOCK COPOLYMERS IN COMPRESSED CO2 AND AS SINGLE DOMAIN‐
LAYER, NANOLITHOGRAPHIC ETCH RESISTS FOR SUB‐10 NM PATTERN TRANSFER

SEPTEMBER 2011

CURRAN M. CHANDLER, B.S., UNIVERSITY OF SOUTHERN MISSISSIPPI
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor James J. Watkins

Diblock copolymers have many interesting properties, which first and foremost
include their ability to self‐assemble into various ordered, regularly spaced domains with
nanometer‐scale feature sizes. The work in this dissertation can be logically divided into
two parts – the first and the majority of this work describes the phase behavior of certain
block copolymer systems, and the second discusses real applications possible with block
copolymer templates.
Many compressible fluids have solvent‐like properties dependent on fluid pressure
and can be used as processing aids similar to liquid solvents. Here, compressed CO2 was
shown to swell several thin homopolymer films, including polystyrene and polyisoprene, as
measured by high pressure ellipsometry at elevated temperatures and pressures. The
ellipsometric technique was modified to produce accurate data at these conditions through
a custom pressure vessel design.
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The order‐disorder transition (ODT) temperatures of several poly(styrene‐b‐
isoprene) diblock copolymers were also investigated by static birefringence when dilated
with compressed CO2. Sorption of CO2 in each copolymer resulted in significant depressions
of the ODT temperature as a function of fluid pressure, and the data above was used to
estimate the quantitative amount of solvent in each of the diblock copolymers. These
depressions were not shown to follow dilution approximation, and showed interesting,
exaggerated scaling of the ODT at near‐bulk polymer concentrations.
The phase behavior of block copolymer surfactants was studied when blended with
polymer or small molecule additives capable of selective hydrogen bonds. This work used
small angle X‐ray scattering (SAXS) to identify several low molecular weight systems with
strong phase separation and ordered domains as small as 2‐3 nanometers upon blending.
One blend of a commercially‐available surfactant with a small molecule additive was further
developed and showed promise as a thin‐film pattern transfer template. In this scenario,
block copolymer thin films on domain thick with self‐assembled feature sizes of only 6‐7 nm
were used as plasma etch resists. Here the block copolymer’s pattern was successfully
transferred into the underlying SiO2 substrate using CF4‐based reactive ion etching. The
result was a parallel, cylindrical nanostructure etched into SiO2.
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CHAPTER 1
INTRODUCTION

1.1

Overview
This research was conducted with the purpose of fulfilling two primary goals. The

first involves the study of the phase behavior of model block copolymers, and more
specifically their order‐disorder transitions (ODTs) in dilated with compressed carbon
dioxide. This task also requires swelling measurements of homopolymer films in CO2 to
obtain quantitative phase behavior data.

The second goal involves developing an

understanding of the phase behavior and etch characteristics for several blends of low
molecular weight block copolymer surfactants with an interacting additive. Because block
copolymers in general can be useful for applications requiring ordered, nanoscale
structures, an understanding their behavior is key or their successful application. As an
example of the latter goal, the blends can be used as thin‐film templates block copolymer
pattern transfer
This chapter begins by giving a brief overview of the physics and phase behavior of
block copolymers and polymer‐solvent systems related to this work.

Here, the self‐

assembling of block copolymers is discussed with emphasis on order‐disorder transitions as
affected by solvent uptake. Their ordering behavior in the presence of diluents for model
block copolymer‐diluent systems is described in terms of the dilution approximation. The
properties of compressible fluids will also be introduced and compared to those of
conventional liquid solvents. These properties will be extremely important to Chapters 2
and 3 of this dissertation discussing polymer‐compressed CO2 systems. The end of this
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introductory chapter will therefore conclude by outlining important concepts associated
with polymer‐CO2 mixtures at high CO2 pressures.
Chapter 2 discusses the change in thickness, or swelling, of several homopolymer
films dilated with compressed CO2. These measurements were made by high pressure,
spectroscopic ellipsometry and enabled by adapting a high pressure sample cell for high
temperatures (above the polymer films’ Tg’s). The technique was verified against swelling
data from neutron reflectivity. Swelling of the homopolymers polystyrene and polyisoprene
was obtained and used in Chapter 3 to provide quantitative descriptions of a block
copolymers ODTs.
The order‐disorder transitions of several symmetric poly(styrene‐b‐isoprene) diblock
copolymers at extremely high polymer fractions are discussed in Chapter 3. Here, high
pressure static birefringence was used to measure the ODTs with increasing concentrations
of compressed CO2. The swelling data obtained for polystyrene and polyisoprene were then
used to obtain a quantitative description of the ODT scaling using the dilution
approximation as a reference. The birefringence measurements of block copolymer‐CO2
systems revealed interesting scaling behavior at near‐bulk CO2 concentrations.
Chapter 4 continues the discussion of block copolymer phase behavior. However,
this chapter discusses the formation of ordered block copolymers through blending of low
molecular weight, disordered copolymer surfactants with an interacting polymer or small
molecule. Polymeric surfactants used in this work are based on nonionic poly(ethylene
oxide), whereas the additives typically contain hydroxyl or carboxylic acid groups capable of
forming hydrogen bonds with the surfactant.

Small angle X‐ray scattering (SAXS)

demonstrated that ordered blends with very small domain spacings (≈5 – 13 nm) could be
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produced from many of these surfactants (spanning a significant molecular weight range)
while also being capable of the typical ordered diblock copolymer morphologies. This work
also demonstrated similar results using benzylic, aromatic small molecule additives with
similar hydrogen bonding groups. This is the underlying principle here is an improvement in
a blend’s dry etch resistance, which is tied directly to the work presented in Chapter 5.
Chapter 5 discusses experiments building on the surfactant work demonstrated in
the preceding chapter.

Here, small molecules with high plasma etch resistance were

blended into surfactant templates to create thin‐film, pattern transfer resists. This work
demonstrates the pattern transfer of ordered block copolymer features with a domain
spacing of only 13 nm using a simple resist formation and patterning process. Results
showing the block copolymer resist formation and phase behavior, component etch
performance, and final resist pattern transfer presented in this chapter. Blended resists
capable of 5 nm domain spacings are also demonstrated.
This dissertation concludes with a discussion of future work in Chapter 6, which
begins by describing potential methods for pattern transfer of sub‐5 nm block copolymer
features. The use of graphoepitaxy on pre‐patterned substrates is discussed as having
potential for directing long‐range orientation of thin‐film blends from Chapters 4 and 5.

1.2

Overview of Block Copolymers
Block copolymers are well‐known for their ability to self‐assemble into several

stable, ordered morphologies (shown in Figure 1.1) and have proven exceptionally
functional in creating materials and templates having ordered, nanometer‐scale features.1‐4
Self‐assembly, or ordering is dependent on two primary parameters: χ and N, which are the
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Figure 1.1. Equilibrium diblock copolymer morphologies5 shown in order of increasing
symmetry, or relative volume fractions of each of the blocks. Above f = 0.5, the major and
minor domains invert.

Flory‐Huggins segment‐segment interaction parameter and the total degree of
polymerization, respectively. A theoretical morphology diagram6‐9 for a linear AB‐type
diblock copolymer is shown in Figure 1.2. The diagram shows that a decrease in the
temperature (an increase in the segment‐segment interaction strength) and an increase in
the total molecular weight results in greater segregation strength. On the other hand, a
change in the volume fraction of one block (f) controls the self‐assembled morphology
observed.
Their phase behavior in the melt has been the subject of extensive research in the
past few decades with many theoretical and experimental advancements.5, 10‐12 In cases
where the unfavorable interactions between the dissimilar chains segments are relatively
weak, these systems can undergo an order‐disorder transition (ODT) in which the copolymer
transitions from a disordered melt or solution upon cooling to a melt with nanoscale
domains having a periodically‐spaced structure. Because the transition is reversible, heating
the copolymer back through the transition returns the system to a phase‐mixed state. i.e.
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Figure 1.2. Morphology diagram for a linear AB‐type diblock copolymer as predicted by self‐
consistent field theory.5, 6

where the unfavorable segment‐segment interactions are too weak to drive separation of
the dissimilar domains.
According to mean field theory as mentioned above, diblock copolymer phase
behavior in the undiluted melt can be broken down into the terms N and f.13 For a
symmetric diblock copolymer, theory predicts phase separation will occur at (N)ODT = 10.5.
Fredrickson and Helfand introduced modifications to Leibler’s theory to include fluctuations
in composition near the ODT.14 As shown in Figure 1.3, the modified theory predicts that
these fluctuations will result in lower ODT temperatures in comparison to predictions by
simple mean field theory, that the transition is first‐order for all compositions, and that a
direct disorder to lamellae transition is accessible even for slightly asymmetric block
copolymers. Khandpur et al.15 confirmed these predictions experimentally using a series of
styrene‐block‐isoprene (SI) copolymers.

5

Figure 1.3. (a) Leibler’s mean‐field phase diagram. (b) Modification of Leibler’s theory to
include fluctuation effects significant at lower molecular weights. This figure was reprinted
from the literature.14, 16

1.3

The Dilution Approximation and Order‐Disorder Transitions in Block Copolymers
Although neat block copolymer systems are quite well‐understood, it is often

important or advantageous to use a solvent‐copolymer mixture in order to achieve a desired
structure or specific physical properties. In the simplest case, the solvent is neutral towards
the different segments and predominately acts to screen unfavorable intersegmental
enthalpic interactions. The addition of good, neutral solvent to a diblock copolymer has
become a common17‐20 and practical method of studying block copolymer behavior, and is
especially useful when extending to those systems which have ODTs that are difficult or
even impossible to observe experimentally due to thermal stability limits. Such is the case
for polymer chains with blocks possessing high molecular weights or strong unfavorable
interactions (large N). The solvent‐mediated screening of these enthalpic interactions
causes a shift in the phase diagram to lower temperatures (depicted in Figure 1.4), and
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facilitates equilibration by enhancing chain mobility.21

This is in contrast to a purely

selective solvent, which swells only one domain causing a shift along the horizontal axis.
This is equivalent to changes in the relative block polymer volume fraction, f.

Figure 1.4. Schematic of the general phase diagram for a block copolymer showing both
UODT and LDOT regions. The UDOT is a function of the enthalpic interactions between the
copolymer blocks (A‐B interactions) and between the copolymer and the solvent.

The results of these solution experiments have often been interpreted by scaling
TODT with the polymer volume fraction, :

  (  N ) ODT 

F( f )
2

(1.1)

This scaling concept, first proposed by Helfand and Tagami,22 replaces  in the melt with an
“effective” interaction parameter, α, where α is the scaling parameter describing the
effect of  on  and enables prediction of the phase diagram of the copolymer‐neutral
solvent system from the original melt‐phase diagram by replacing changes in temperature
with changes in neutral solvent concentration so that  = eff  α. Helfand and Tagami
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obtained a universal scaling exponent of  = 1 from mean field theory, termed the dilution
approximation.22 The applicability of the dilution approximation, however, rests on the
assumptions that the solvent is uniformly distributed with respect to the segregation, that it
is non‐selective for both blocks (AS = BS), where A and B denote copolymer blocks and S
denotes solvent), and that it is a good solvent if using a liquid diluent.21 This approach has
been quite successful in predicting changes in d‐spacings and order‐order transitions (OOTs)
with the addition of solvent. Data from Figure 1.5 demonstrates this well showing an
asymmetric SI copolymer in dioctyl phthalate (DOP) over a wide concentration range.23

Figure 1.5. Phase diagram for poly(styrene‐b‐isoprene) (11k‐52k) in dioctyl phthalate
showing the both the agreement with (OOTs) and deviation from (ODTs) the dilution
approximation. The inset shows the dependence of ODT on . The figure has been
reprinted from work by Lodge et al.23

In this plot, the transition from a cylindrical to a spherical morphology is shown with a
measured exponent of  = 1, equal to the dilution approximation. This success is due in
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part to the strength of the mean field theory in calculating the free energies of the two
strongly‐segregated phases (in the strong segregation limit).19, 20, 23, 24 However, extension of
the dilution approximation to changes in TODT reveals weaknesses of the current mean field
theory, although it has been suggested21 that agreement may exist for concentrated
solutions.

1.4

Compressible Fluids Overview
While the majority of studies on the phase behavior of homopolymer‐solvent and

block copolymer‐solvent mixtures have involved traditional organic solvents and other liquid
diluents, this part of this work focuses on the swelling behavior of thin homopolymer films
in the presence of compressed CO2. Carbon dioxide can often be advantageous over the
more common liquid solvents for a variety of reasons. From one perspective, its high
natural abundance helps to drive its low costs and high availability. CO2 is also relatively
chemically unreactive, nonflammable, and environmentally benign. And from a practical
use perspective, its critical point (Tc = 31.1 °C, Pc = 73.9 bar) is also readily accessible. These
characteristics become extremely important to industry where costs, environmental health
and safety concerns, and government regulations can limit a chemical technology’s
feasibility or acceptance into large‐scale processes.
From an experimental and analytical perspective, compressible fluids such as CO2
have unique properties that allow for various applications25 and benefits that may not be
possible with common solvents.

These applications often range from infusions1 or

impregnation of solid materials and chemical separations to extractions and chemical
reactions or polymerizations.25 The property governing this behavior is primarily related to
the fluid’s controllable solvent strength. With compressible fluids it is possible for their
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effective solvent strengths to be precisely adjusted through continuous changes in the fluid
phase density, as depicted in Figure 1.6 for CO2. Therefore by changing the fluid pressure
and temperature, locations within phase diagrams can be often be readily accessible.26
Because of their gas‐like behavior, sorption can also be completely reversible by simply
reducing the fluid pressure. CO2
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Figure 1.6. Plots of the density of CO2 as a function of the fluid phase density for
temperatures above and below the critical temperature of CO2 (Tc = 31.1 °C, Pc = 73.9 bar).
Data obtained from the NIST Chemistry Webbook.27

1.5

Interactions of Compressible Fluids with Polymers
This pressure‐dependent solubility becomes particularly important when analyzing

polymer‐solvent systems at very high polymer concentrations ( >> 0.9). At such low
solvent concentrations (at higher ), liquid solvents may suffer from inhomogeneous
distribution within the polymer. This is due in part to their relatively large molecular size
resulting in relatively low diffusion coefficients when compared to smaller compressible
fluids.

To an extent, this can be overcome using smaller compressible fluids with
10

significantly greater diffusion coefficients in polymers. For example, in addition to its higher
self‐diffusivity,25 compressed CO2 sorbed into polystyrene has been shown to increase
diffusion of small molecule probes in the matrix by nearly two orders of magnitude with
only modest increases in CO2 concentration (7 – 11 %). When compared to polystyrene
below its Tg and at ambient pressure, the probe diffusivities were significantly greater with
increases of nearly four orders of magnitude over the polymer in its glassy state.28 Similarly,
the self‐diffusivities of several polystyrenes demonstrated increases of nearly an order of
magnitude with only a small (< 3 %) change in the uptake of CO2 from ≈ 9 – 11 wt %.29
At low fluid densities or pressures (well below their liquid densities), compressible
fluids or gases are not capable of dissolving polymers due to the insufficient number of
interactions and the polymer’s high molecular weight.

However, these fluids can be

incorporated into and swell a polymer matrix.30‐32 Thermodynamic descriptions used to
calculate the phase behavior of polymer‐solvent systems, and block copolymer solutions in
particular,13 often rely not on the weight fractions or sorption of the solvent, but on
volumetric properties such as the total polymer volume fraction,, of the solutions.
Therefore, obtaining accurate measurements of this parameter has important applications
in polymer physics in quantifying their physical behavior. This will become more obvious in
Chapter 3, which will describe block copolymer order‐disorder transitions as a function of 
in the presence of liquid diluents and will outline the experiments to measure the
corresponding scaling behavior of these transitions at higher polymer concentrations in
compressed CO2.
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CHAPTER 2
SWELLING MESUREMENTS OF HOMOPOLYMERS IN COMPRESSED CO2 USING
HIGH PRESSURE ELLIPSOMETRY

2.1

Introduction

2.1.1

Swelling and Sorption of Compressible Fluids by Polymers
As a result of their large molecular weights, compressible fluids are incapable of

dissolving most polymers. Exceptions to this include those with highly polar or flexible
repeat units including some fluoropolymers,1, 2 polysiloxanes,3‐5 and even some poly(ether‐
carbonate) copolymers.6

Many insoluble polymers can, however, absorb reasonable

equilibrium concentrations of solvent and dilate significantly as a result. Most data reported
in the literature involves measurements obtained with bulk materials due to simplicity of
sample preparation and the availability of direct measurements of both sorption and
swelling. Koros and Paul have reported on sorption of CO2 in PET above and below the Tg
using a pressure decay method.7 Their results show that above the Tg, the sorption of CO2 is
described entirely by Henry’s Law (ordinary dissolution), whereas below the Tg a dual‐mode
sorption applies consisting of both Henry’s Law and Langmuir sorption. The majority of
systems discussed in this chapter were analyzed above their glass transitions to prevent
unnecessary complications to experiments and their analyses.
Similar sorption measurements for thick samples have been reported by Vogt for
polystyrene and methacrylate‐based polymers.8 Sorption measurements of thick samples in
CO2 have also been carried out using chromatographic techniques with PMMA,9, 10 standard
gravimetric analysis for several polymers and copolymers,11‐13 and even vibrating wire force
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sensor measurements.14 Table 2.1 outlines many of the advantages and disadvantages for
techniques commonly used to measure the sorption of a compressible fluid in a polymer
and the polymer’s resulting solvent‐induced swelling.
Table 2.1. Common techniques used to measure sorption or swelling of a compressible fluid
with important advantages and disadvantages of each.
Technique

Advantages & Disadvantages

Pressure decay (bulk)

•
•
•

Must account for vessel leak rate at the seals
Requires modeling
Swelling modeled from sorption data

Gravimetric (bulk)

•
•

Must correct for buoyancy in dense CO2
Swelling modeled from sorption data

Volumetric (direct visual)

•
•
•
•

Simplest of measurements
Long equilibration times (large amount of sample)
Bulk samples very prone to sample history effects
Can introduce large measurement error

Reflectivity (thin film)

•
•
•

Narrow upper & lower thickness limits
Requires modeling
High intensities required for pressure measurements

•

Highly accurate; can measure very small thickness
changes
Small amount of sample
Common, benchtop equipment is suitable
Thickness measurements require the refractive indices of
each layer to be known.

Ellipsometry (thin film)

•
•
•

From solvent sorption data obtained for a polymer, its swelling can only be
determined through model‐based calculations. Direct swelling measurements are therefore
preferred for this work. Several groups above have also reported swelling of thick polymer
samples in CO2 obtained by measuring direct changes in the swollen volume using a
cathetometer. Wissinger and Paulaitis, for example, have shown a pressure‐dependent
(isothermal) glass transition, or the glass transition pressure, at which the normal Tg has
been significantly depressed due to CO2 sorption.11,
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The swelling isotherms for

polystyrene in CO2 show increases in the slopes upon reaching the glass transition when
swelling is plotted as a function of pressure. Zhang and Lemert have also reported on the
swelling of several bulk homopolymers by cathetometer measurements including
polystyrene and polyisoprene, which are of importance to this chapter and Chapter 3.
In relation to the work presented in this chapter, Sirard et al. have previously shown
spectroscopic ellipsometry to be very effective for swelling measurements of
poly(dimethylsiloxane) (PDMS) and poly(methyl methacrylate) (PMMA) thin films and PDMS
brushes in compressed CO2.16‐18 Francis et al. have also used ellipsometry to measure the
swelling of polystyrene and polyisoprene in CO2 at near ambient temperatures and the
formation of thin CO2 wetting layers on a silicon substrate.19 A challenge of this work is to
develop ellipsometry for high temperature, high pressure measurements. This requires the
spectral distortions resulting from optical windows strains to be negligible at temperatures
higher than the polymer glass transitions.

2.1.2

Fundamentals of Ellipsometry
Swelling measurements of relatively thin films using ellipsometry has several

advantages as outlined in Table 2.1 above, which are due to the both the measurement
technique itself and the thin film nature of the samples. Thick samples may require much
longer equilibration times to achieve a uniform solvent distribution. Measuring such small
thickness changes in thin films can therefore be much more difficult than simple visual
observations often used for macroscopic samples. Spectroscopic ellipsometry was chosen in
this work for many reasons. Ellipsometry is capable of measuring very small changes in
thickness (on the order of angstroms or nanometers depending on the film quality and
composition), and is also useful over a range of film thicknesses from that of a single
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polymer chain to several microns. The equipment is also relatively simple and inexpensive
compared to X‐ray or neutron reflectivity, and the technique’s theory and applications are
well‐developed20‐22 and widespread within both academic and industrial settings.
Although the fundamentals of ellipsometry are described in thorough detail in the
references cited above, a high‐level overview is given here. Ellipsometry in general uses the
phase and the amplitude changes between an incident and reflected light beams to extract
information related to the thickness and refractive of a thin film.

These differences

originate from observable changes in mutually perpendicular polarized light beams after
reflection off of a surface of interest. These polarizations are typically referred to as p‐
waves and s‐waves, which refer to the electric fields of the light polarized parallel and
perpendicular to the plane of incidence. The shape of the resultant wave of the two
perpendicular waves when viewed down the propagation axis can be described as its
ellipticity, where elliptically‐polarized light is the most general of forms. This polarization
changes upon reflection of linear polarized light off of a film (or stack of films), and hence
where the term ellipsometry originates.
In a typical reflectometry experiment, measurements are made at normal or near‐
normal incidence. Under these conditions and for a single interface, the Fresnel reflection
coefficients rp and rs have equal magnitudes, and there is no distinction between the p‐
waves and s‐waves as their cosine terms equal unity. In an ellipsometry experiment, the
angles of incidence and reflection are non‐normal, meaning the phase and amplitude
relationships between the p‐waves and s‐waves are of interest. For the typical case of
multiple interfaces (one or more films), the total reflection coefficients Rp and Rs are used as
shown in equations 2.1 and 2.2 below for the single film (two‐interface) scenario. These
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quantities are defined as the ratio of the outgoing wave amplitude to the incoming wave
amplitude:

r12p  r23p exp( j 2  )
R 
1  r12p r23p exp( j 2 )
p

Rs 

r12s  r23s exp( j 2 )
1  r12s r23s exp( j 2 )

(2.1)

(2.2)

where 2 is the phase difference between the phase difference between the waves
reflected from the top and bottom interfaces. These reduce to the Fresnel reflection
coefficients for the case of a single interface.
Ellipsometers actually measure two quantities, ∆ and . The difference between
the p‐wave and s‐wave before (1) and after (2) reflection is the parameter delta ()
defined as the phase shift induced by the reflection, or as

  1   2

(2.3)

The reflection will also induce changes (reductions) in the amplitudes for both the p‐wave
and s‐wave, where the magnitudes of these amplitude reductions are |Rp| and |Rs|. Their
ratio, which is the ratio of the magnitudes of the total reflection coefficients, is defined as
the parameter , where

tan  

Rp
Rs

(2.4)

Information obtained experimentally from these two parameters are then be compared to
values calculated using a model that best describes the analyzed sample. Using the correct
model allows the calculation of physical quantities of interest including film thickness and
refractive index.
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2.2

Experimental

2.2.1

Sample Preparation – Ellipsometry
For the swelling measurements of homopolymer films by compressed CO2, both

polystyrene (91 kg/mol) and polyisoprene (84.2 kg/mol) (Polymer Source) were used
without further purification. The polymers were dissolved in toluene in concentration
ranges of 1‐8 wt % and spin‐coated at 2000 rpm onto 2” prime grade silicon wafers
(University Wafer and Silicon Materials, Inc.). While the polyisoprene was spun on as‐
received wafers, the polystyrene was spun on wafers that had first been pretreated in a 4:1
H2SO4 (conc.):H2O2 (30%) (by volume) piranha solution.

Monohydroxy‐terminated

polystyrene (100 kg/mol, Scientific Polymer Products) was immediately spin‐coated from
toluene onto the piranha‐treated wafers and baked for 48 hours at 150 C to form a
covalently‐attached brush with the free surface silanol groups. Unreacted polymer was
removed by both sonicating and rinsing in toluene, and the final polystyrene films were
spun to thicknesses of 160, 195, and 545 nm. The use of a brush layer was found to reduce
the dewetting of PS films upon exposure to compressed CO2 at elevated temperatures
during the ellipsometry measurements. The polyisoprene films used in this study were spun
at a thickness of 60 nm. All films were subsequently vacuum‐annealed above their Tg’s to
remove any residual solvent and reduce residual stresses existing after spin coating.
For the comparison of high pressure ellipsometry with neutron reflectivity, films of
polystyrene (96 kg/mol, Polymer Laboratories, Inc.) were spun from a 3.5 wt % solution in
toluene at 2500 rpm onto untreated, prime grade silicon wafers. Poly(methyl methacrylate)
(77 kg/mol, Scientific Polymer Products) were also spun from a 3.5 wt % solution in toluene
and at 2500 rpm. For all films discussed, the solutions were filtered using an in‐line, PTFE
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syringe filter containing 0.45 m pores (VWR and Whatman). As performed above, the spin‐
coated films were then vacuum annealed above their Tg’s before collecting the film
thickness measurements. Film thicknesses of 180‐200 nm were obtained and chosen in
order to closely match the samples used in the neutron reflectivity measurements.
Measurements to assess the effectiveness of the new window design were performed on
2”, prime grade wafers used as received.

2.2.2

Ellipsometry – Experimental Setup and Analysis
Swelling measurements of each homopolymer film dilated with compressed CO2

were performed using a GES‐5 spectroscopic ellipsometer (SOPRA), and data was collected
over an incident wavelength range of 400‐800 nm. A custom‐built stainless steel high‐
pressure optical cell, whose schematic has been reported elsewhere,19 was used at angles of
incidence and reflection of 75 from the surface normal, approximately the Brewster angle
of silicon.

A custom, circumferentially‐sealed window design was machined (Walker

Machine Co., Monson, MA) as a retrofit for use in the existing optical cell to reduce spectral
artifacts in the acquired data. The artifacts were a result of strain‐induced birefringence
present when heating the confined, tightened windows in the cell. These modifications to
the design will be discussed in more detail in the following section. Viton O‐rings (Marco
Rubber) were used for all pressure‐retaining seals. These were pre‐cleaned in supercritical
CO2 (to remove any CO2‐soluble oils & contaminates) by treatment with several
pressurization‐depressurization cycles at 40 °C in the region of greatest CO2 compressibility.
A PID controller connected to six 1” cartridge heaters (Omega Engineering, Inc.,
Stamford, CT) were used to heat the cell and maintain its temperature to within less than 1
°C as measured by a thermocouple placed into the wall of the cell. The cell itself was
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insulated by fiberglass cloth and from the ellipsometry stage by a ceramic plate (McMaster‐
Carr). After heating, the spectra were not collected until the internal fluid temperature,
measured by a thermocouple probe in the center of the sample chamber, remained
constant. Samples were equilibrated for 15 minutes after each increase in pressure, which
was controlled manually by a needle valve connected to a high pressure syringe pump
(Teledyne ISCO, Inc.) filled with liquid CO2 (Coleman grade, 99.99%, Merriam Graves
(Airgas)) at ambient temperature.
Analysis of the elevated pressure data was performed using a custom written
routine based on simulated annealing23 whose source code has been previously reported.19
This routine includes a correction to compensate for inherent window birefringence as
described in a patent by J.A. Woollam Co., Inc.24 The routine also calculated the refractive
indices of the polymer films using a Cauchy dispersion relationship,25 and the refractive
index of the CO2 atmosphere was determined by the Lorentz‐Lorenz equation using data
previously reported for CO2 at various pressures and wavelengths.19,
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Additionally, the

angle of incidence and reflection was calculated by the routine using spectral data obtained
at the elevated experimental temperature and at ambient pressure. This angle was then
kept constant for the remaining model fitting under pressure.

2.3

Results
As one of the goals of the work described here is to provide swelling data for the

phase behavior relationships discussed in the next chapter, measurements of homopolymer
swelling in compressed CO2 were performed on films of several homopolymer materials
including polystyrene, polyisoprene, poly(methyl methacrylate), and poly(2‐vinylpyridine).
Polystyrene and polyisoprene are especially important to this work as they are
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homopolymer analogues of poly(styrene‐block‐isoprene) diblock copolymers used in the
ODT measurements discussed in the next chapter. This section will first describe optical
problems associated with ellipsometry measurements at elevated temperatures and the
resulting modifications made to the ellipsometry cell to eliminate these issues. Next, data
obtained using our ellipsometry technique for model homopolymer films of polystyrene and
poly(methyl methacrylate) will be compared to previously reported data obtained by other
techniques. The section will then finish with a discussion of the ellipsometry and resultant
swelling data obtained for poly(2‐vinyl pyridine), polystyrene, and polyisoprene at much
higher temperatures.

2.3.1

Effects of Pressure Cell Windows on Spectral Data
Before accurate polymer film thicknesses can be measured by ellipsometry, the

unfavorable effects of the optical windows on the raw data, which are exacerbated at
experimental temperatures, must be known or eliminated. This section will qualitatively
describe these effects and present modifications made to the cell in order to address them.
The pressure‐retaining optical windows used in these experiments were chosen for high
clarity and strength with minimal thickness. Fused silica is a common choice due to its high
clarity, strength, and its absence of intrinsic birefringence at zero strain. Sapphire windows
were used in these experiments due to its superior mechanical properties versus fused
silica. However, if the direction of the transmitted and reflected beams through the
sapphire windows are not exactly parallel to the crystal optical axis, the light will experience
birefringence, i.e. its parallel (extraordinary) and perpendicularly (ordinary) polarized rays
will be decomposed into separate rays. The birefringence is a result of anisotropy in a
crystal structure in which its refractive index varies with the direction the light propagates
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through the material. In practice, the cut of the windows will not be exactly perpendicular
to the optical axis resulting in finite, but relatively small birefringence.
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Figure 2.1. Raw ellipsometric parameter data for (a) tan Ψ and (b) cos Δ obtained using the
high pressure cell with sapphire windows, but with no sealing force applied to the windows.

Birefringence can also occur in normally isotropic materials when anisotropy is
introduced by strain. By their nature, ellipsometric measurements will be difficult or
impossible to model if unexpected changes in the polarization states of the incident and
reflected light occur. Strain‐induced birefringence in optical windows has been shown to
create significant measurement artifacts with both standard sapphire and fused silica
windows.19 For example, Figure 2.1 presents the raw spectroscopic ellipsometric data (tan
Ψ and cos ∆ vs. wavelength) for a bare silicon wafer from ambient temperature to 175 °C,
which have been shifted for clarity. These spectra were acquired with no sealing force
applied to the sapphire windows by the stainless steel window retaining caps using the
original cell design.

At every temperature, the spectra remain nearly unchanged as
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expected. Yet to create an effective face seal at elevated pressures, significant sealing force
must be applied to the windows by the caps with direct window‐seal contact.
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Figure 2.2. Raw ellipsometric parameter data obtained using the high pressure cell fitted
with sapphire windows, but with typical sealing forces applied to the retaining caps.

When the optical cell is heated to temperatures above ambient, the combination of
the sealing force and thermal expansion of both the cell and the windows results in flexural
strain in the sapphire. This is reflected in the raw data as large deviations in tan Ψ and cos ∆
as a function of wavelength that cannot be compensated for.

An example of these

deviations is given in Figure 2.2, which shows the raw spectra collected on the same bare
silicon wafer as above, but at temperatures of 23‐125 °C at ambient pressure. The data
show that even at modestly elevated temperatures of 40 °C, thermal expansion causes large
changes to the spectral lineshapes.

The swelling experiments in this chapter involve

measuring small changes in the thickness (on the order of nanometers) at each pressure
increment. Considering many of the swelling isotherms are collected above the Tg of the
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materials (> 100 °C for polystyrene), these artifacts need to be eliminated if accurate spectra
are to be collected.

2.3.2

Cell Window Modifications – Reducing Artifacts
To reduce the negative contribution to the data by the sapphire optical windows,

modifications were made to the cell to relieve the stress on the windows at elevated
temperatures.

The original design for the high pressure ellipsometry cell has been

previously reported.19 Whereas the old design required the windows to be forced against
the seals, the new modifications require no initial sealing force to be applied directly to the
windows. Shown in Figure 2.3, the modifications included a custom machined window
holder that is sealed to the cell body (the threads) by the original face seal. A top‐down
cross‐section of the design is shown in the same figure. New, smaller diameter windows can
be seated inside the holder and sealed circumferentially using a standard O‐ring with an
accompanying back‐up O‐ring (to prevent seal extrusion). Since the window cap exerts
pressure entirely on the holder instead of the window, the window can move freely within
the holder and is under negligible stress at any temperature.
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(a)

window
cap

sapphire
window

Fluid
pressure

plug

cell body

(b)

Figure 2.3. Cross sections of the window system: (a) Design of the window, window holder
(plug), and cell body showing the sealing mechanism. (b) Top‐down view of the custom‐
made window holder. The window sits entirely recessed into the holder so that no direct
threaded cap‐to‐window forces are experienced due to the window caps upon tightening.

With this design, any stress on the window (and the resulting strain‐induced
birefringence) at elevated temperatures and pressures should be due entirely to the fluid
pressure itself. By eliminating the effects from pressure cell thermal expansion, it is intuitive
that the window’s stress state should be considerably more uniform, or even predictable,
and ultimately resemble the scenario where no sealing force has been applied (Figure 2.1).
Repeating the same experiment discussed in Figure 2.2 using the new design instead
confirms exactly this.

26

(a)

Tan  (offset)

110 C
100 C
90 C
80 C
70 C
60 C
50 C
40 C
23 C

(b)
0.5

110 C
100 C
90 C
80 C
70 C
60 C
50 C
40 C
23 C

Tan 

0.4
0.3
0.2
0.1
0.0
0.3

0.4

0.5

0.6

0.7

0.8

0.3

0.4

0.5

0.6

0.7

0.8

Wavelength (m)

Wavelength (m)

Figure 2.4. Raw ellipsometric tan Ψ data obtained using the new window design and at
various temperatures under ambient pressure. No window effects are observed.
Raw spectroscopic ellipsometry data on a bare wafer shows almost no discernable
change in the values of tan Ψ (Figure 2.4) over the range of temperatures studied and at
ambient pressure. The same data curves are also shown overlaid in Figure 2.4, which clearly
demonstrates the ability of the design to almost entirely eliminate noticeable thermal
effects on the spectra. The cos ∆ (phase) component from the same experiment and data
set is given in Figure 2.5 and shows similar improvements with only minor deviations in the
larger wavelength region with increasing temperature. In Figure 2.6, pressurized CO2 is
introduced into the pressure cell containing a bare wafer heated to 70 °C. The tan Ψ
component appears to be only minimally affected by the increased temperatures, whereas
cos ∆ shifts upward at larger wavelengths. However, this shift may be a result of the
increase in the refractive index of the medium (CO2) with increasing pressure, which can be
easily modeled. Overall, these experiments show that the new window design should allow
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Figure 2.5. Raw ellipsometric cos Δ data obtained using the new window design and at
various temperatures under ambient pressure. No window effects are observed.
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Figure 2.6. Raw ellipsometric parameter data for (a) tan Ψ and (b) cos ∆ obtained using the
new window design at 70 °C at various CO2 pressures (bar‐abs).
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for raw spectroscopic data free of stress‐induced artifacts to be obtained at the
temperatures and pressures used in the homopolymer film swelling measurements
presented in this chapter.

2.3.3

Refractive Index and Model Fitting
The above data shows that elimination of stress‐induced birefringence resulting

from the sapphire windows enables accurate measurements of ellipsometric spectra for
bare silicon wafers. Ellipsometry, being a model‐based technique, requires that raw data
collected from a sample be compared to a model of the sample structure. Model fitting of
the native oxide just discussed requires only one variable parameter, the native oxide
thickness, tnative.

Other parameters including the refractive indices (as a function of

wavelength) of the crystalline silicon substrate, nSiCr, and the native oxide, nnative, are well‐
known and included in the software packages for many commercial ellipsometry systems. A
bare silicon wafer just described represents a very simple scenario. The layer description of
a single, smooth homopolymer film is only slightly more complicated by adding parameters
for its thickness, tpolymer, and refractive index, npolymer. Measuring the thickness of a polymer
film swollen by CO2, however, requires that the model compensate for the refractive index
of the CO2 medium and the CO2‐swollen polymer film.
The refractive index of the compressible fluid medium, CO2 in this case, is
dependent on its temperature and pressure, or more specifically, its fluid phase density, ρ,
which has been well‐documented.19, 26, 27 Using a form of the Lorentz‐Lorenz equation, the
refractive index of a gas can be described as a function of its density:

n

2 r  1
1  r
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(2.5)

where n is the refractive index, ρ is the fluid mass density in g/cm3 obtained from the NIST
Chemistry Webbook,28 and r is an adjustable parameter with the units cm3/g determined by
fits to literature data19 for the refractive index of CO2. It is noted that its index of refraction
of CO2, nCO2, has been found to be largely independent of the wavelength used.26 This is
especially important for the spectroscopic ellipsometry measurements in this chapter as the
wavelength ranges from approximately 400‐800 nm for each spectrum. The dependence of
refractive index on wavelength is known as a material’s dispersion. The Cauchy dispersion
equation is an empirical relationship valid for most transparent polymers and solvents used
to estimate the refractive index of the polymer or CO2‐swollen polymer film:29

n ( )  A 

B



2



C

4

 ...

(2.6)

However, the coefficients B and C are typically very small, and the Cauchy relation reduces
to the more simple form used for the model fitting in this work:

n ( )  A 

B

2

(2.7)

The model layer structures used to fit the homopolymer ellipsometry data are
shown in Figure 2.7. For the simple case of a polymer film at ambient pressure (Figure 2.7a),
the adjustable parameters are the polymer film thickness (tpolymer) and Cauchy coefficients
(A, B). Under compressed CO2, the model fitting accounts for the polymer‐CO2 mixture
using the Cauchy relationship similarly to polymer film at ambient pressure. The value of
nCO2 is constant at a given condition for the CO2 medium and is calculated as described
above.
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Figure 2.7. Film layer stacks used for model fitting of ellipsometry data for (a) neat polymer
films and (b) polymer films dilated with compressed CO2.

Analysis of the elevated pressure data was performed using a custom routine based
off of an iterative regression known as simulated annealing.23 The method is analogous to
thermal annealing in that the range of possible values within sets of iterations is reduced
according the regression, or fit “temperature.” As the fit “temperature” is reduced, the sum
of the squared error (the objective function) of the regression approaches a global minimum
that should correspond to the correct values in experimental model. The source code for
the program has been previously reported.19 In addition to the Cauchy parameters and
thickness, the routine is capable of fitting the angle of incidence, , and also compensating
for small contributions from inherent window birefringence as described in a patent by J.A.
Woollam Co., Inc.24 The patent describes three correction factors, A1, A2, and A3, but it was
found that the first order window correction, A1, alone was sufficient with no improvement
using A2 and A3. A discussion of the window corrections as related to model fitting have
also been reported previously.19
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Figure 2.8. Raw spectroscopic ellipsometry data of a 160 nm polystyrene (91k) film at 115
°C and at 1 bar (a) & 96 bar (b) along with their calculated best‐fit curves (solid line).

As a test of the regression method used, spectra for 160 nm polystyrene films (Mw =
91 kg/mol) were acquired at 115 °C for at 1 and 96 bar. Their spectra, given in Figure 2.8,
show that for both tan Ψ and cos ∆, the model including correction factors was able to
describe the experimental data exceptionally well with low error over the entire wavelength
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range.

For these and all other measurements, the pressure cell was heated to the

experimental temperature, and the regression was performed before pressurizing to
estimate the angle of incidence. For all subsequent measurements in CO2,  was fixed at
this value leaving tpolymer, npolymer, and K1 as variables.

2.3.4

Validation of High Pressure Ellipsometry at Elevated Temperatures
The examples discussed above demonstrate that high temperature spectra can be

obtained without strain‐related window artifacts, and that the custom routine is capable
producing good fits to these data when compressed CO2 is introduced. Accurate swelling
measurements are key to obtaining a quantitative description for the scaling of a block
copolymer’s order‐disorder transition (ODT) temperatures. These ODT measurements will
be discussed in the next chapter. To demonstrate that the combination of the above work
results in accurate polymer swelling data, homopolymer films of polystyrene (Figure 2.9a)
and poly(methyl methacrylate) (Figure 2.9b) were dilated with CO2 and compared to
swelling data previously reported and obtained by neutron reflectivity.11, 30 Film thicknesses
of ≈ 180‐200 nm were chosen for each ellipsometry sample for close comparison with the
200 nm films studied by neutron reflectivity (NR). Each sample was vacuum annealed above
its Tg to remove stresses created during spin coating producing a film at or near equilibrium.
Swelling of films at equilibrium was calculated by the equation

 h  ho
% swelling  
 ho


 * 100


(2.8)

where h is the swollen film thickness, and ho is the initial thickness measured at ambient
pressure.
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Figure 2.9. Swelling of 200 nm (a) polystyrene and (b) PMMA films as compared to neutron
reflectivity (also 200 nm films) & bulk Wissinger data. Film swelling measurements using
ellipsometry and NR were performed at 65 °C.

For both plots in Figure 2.9, the swelling of each polymer film at 65 °C (well below
the glass transition temperature of each) as measured by ellipsometry is almost identical to
values obtained independently by reflectivity. Deviations between the isotherms are on the
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order of only 1% swelling or less over the entire pressure range. Data for bulk materials
reported by Wissinger and Paulaitis are only slightly greater than those obtained with
ellipsometry, especially at lower pressures. However, these deviations are minor and could
be a result of both the experimental and measurement techniques. The bulk measurements
were made by hanging films and measuring their dimensional change visually using a
cathetometer, both potential sources of error from sample creep and low precision,
respectively. Overall, the agreement from the three techniques is good and demonstrates
the effectiveness of ellipsometry to produce relatively quick yet accurate data.

2.3.5

Swelling of Poly(2‐Vinyl Pyridine) in Compressed CO2
The above swelling examples were performed at 65 °C, well below the Tg’s of the

materials. As discussed above, sorption of a gas below a polymer’s Tg can generally be
described by a dual‐mode model, i.e. sorption of a gas occurs by both Henry’s law
absorption, or dissolution into the matrix and Langmuir, and glassy sorption of a gas by a
fixed number of sites or voids in the matrix. To investigate how well the technique applies
when measuring swelling data at temperatures higher than the glass transitions (described
entirely by Henry’s law sorption), films of poly(2‐vinyl pyridine) (P2VP) were spin‐coated
onto bare wafers, heated to 115 °C, and then dilated with CO2 up to 120 bar.
Figure 2.10 presents swelling isotherms of P2VP for three films (200‐500 nm) and
one bulk film from the literature. For the thin films, at least 15 minutes was allowed for
equilibration after each pressure increase. In Figure 2.10a the swelling is represented as a
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Figure 2.10. Poly(2‐vinylpyridine) film swelling in compressed CO2 as a function of (a)
pressure and (b) fluid activity.

function of pressure.

However, to compare these isotherms with data from other

temperatures, it is instead more convenient to plot the swelling as a function of the fluid
(CO2) activity. Although the concept of activity is of more importance to the next chapter
and will be discussed in more detail there, it in effect collapses both temperature and
pressure into a single parameter.
By plotting swelling as a function of CO2 activity, the P2VP isotherms acquired at 115
°C can be compared to literature data obtained at other temperatures. In Figure 2.10b, our
film data is plotted together with bulk data by Zhang et al. obtained at 35 °C.12 Although the
isotherms measured by ellipsometry for different thicknesses are in excellent agreement
with each other and especially at lower pressures, deviation from the bulk literature data is
seen throughout the range measured. However, due to the nature of the cathetometer
measurements of the bulk films and the approximation of the CO2 activity in a glassy film
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(dual‐mode sorption), accurate comparisons between the two samples may be limited.
With bulk samples, more care must also be taken to ensure the samples are not only at
equilibrium sorption, but that frozen‐in stresses formed during processing are first
eliminated. It is also worth noting that the differences in the swelling between the two
methods were at most 2% over the pressure range studied.

2.3.6

Swelling of Polystyrene and Polyisoprene in Compressed CO2
Homopolymer swelling measurements in this work are needed to directly estimate

the total diblock copolymer volume fraction, diblock, of the CO2‐dilated block copolymer as
mentioned in the above section. It may be difficult to make highly accurate measurements
of the swelling (diblock) of an ordered diblock copolymer film directly due to the need for a
good description of the ordered morphology’s refractive index. But, this may also rely on
the assumption that the selectivity of the solvent is known, or that it is ideally non‐selective.
An alternative method to determine diblock involves first measuring the swelling of
homopolymer analogues of each of the copolymers constituent blocks. From there, diblock
can be determined as the combined swelling of each homopolymer weighted by its relative
composition, f, in the diblock copolymer:

 P( S b I )  f PS PS  f PI  PI

(2.9)

where PS and PI refer to the homopolymer analogues of the P(S‐b‐I) copolymer, both of
which were used in this study. This assumes that the swelling occurs only in the direction
normal to the plane of the film, which is valid when the samples are sufficiently thin.
Swelling data for the polystyrene homopolymer is given as a function of pressure in
Figure 2.11a and as a function of activity in Figure 2.11b. These isotherms were collected at
115 °C for polystyrene films spin‐coated at several thicknesses from ≈ 150 nm to 550 nm.
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This was done to determine the effect of the two interfaces (polymer‐substrate and
polymer‐fluid) on the film swelling. As anticipated, the data are self‐consistent and show no
dependence on thickness and are in agreement with bulk measurements reported in the
literature. The isotherms also exhibit upward curvature, which is typical behavior for
polymers above their glass transition temperatures.11 CO2 is also a weakly polar solvent and
likewise a poor solvent for most polymers including polystyrene.

Yet its equilibrium

sorption, determined by the fluid pressure, can still swell many polymers significantly.
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Figure 2.11. Polystyrene swelling as measured by ellipsometry at various thicknesses
displayed as functions of both (a) pressure and (b) activity.

For the polystyrene films studied here, swelling of approximately 12% was observed
at 140 bar, which was the upper pressure limit of these experiments. In terms of polymer
volume fraction, this corresponds to polymer ≈ 0.9, or 90% polymer. The relation between

polymer and activity for the polystyrene films measured here is plotted in Figure 2.12. The
values for the volume fractions of polystyrene used by equation 2.9 in the ODT scaling work
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Figure 2.12. Polystyrene swelling data plotted as polymer volume fraction versus CO2
activity.

(Chapter 3) were determined from the best fit polynomial of the three isotherms in this
figure at the CO2 activity of interest. Because the refractive index of the polymer‐CO2
mixture was fit in addition to the thickness, it can be plotted as a function of pressure (or
solvent uptake). Figure 2.13 shows a representative plot of R.I. versus pressure. As the
polymer phase sorbs CO2, its refractive index decreases as the matrix expands while
accommodating lower refractive index CO2.

This decrease corresponds closely, yet

inversely, to the swelling in Figure 2.11.
Polymer thin films deposited onto silicon wafers may be prone to spontaneous
dewetting if they lack favorable substrate interactions. This is especially true at elevated
temperatures and CO2 pressures. When the polymer is above its glass transition, this effect
is only amplified. Polystyrene’s benzyl pendant groups interacts only weakly with SiO2 , and
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Figure 2.13. Refractive index as a function of pressure for a 160 nm polystyrene film at 115
°C. The points were calculated by fitting the raw ellipsometric data to the Cauchy equation.

dewetting becomes favorable. Due to the time scales required to measure the swelling over
a large pressure range (1‐140 bar), dewetting may become a relevant factor, and steps must
be taken to reduce its contribution.
Several studies in the literature have shown that for polystyrene thin films the pre‐
application of a polystyrene brush on substrate can significantly alter the film’s wetting
properties. This can range from improved wetting or stability31 of a film to full autophobic
dewetting.31‐33 The type of behavior observed for a particular system is largely dependent
on two main factors: the areal density and the thickness of the polymer brush. When the
grafting density is too high, the polymer chains at the brush‐film interface cannot penetrate
the dense brush, and the overlying film experiences autophobic dewetting.

Likewise,

dewetting may still occur if the grafting density is optimal, but the brush layer is too thin. In
40

this case, interpenetration of both the film and brush chains may not be sufficient, and
those that reach the substrate may experience its unfavorable interactions.
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60

80

100 120 140

Pressure (bar)
Figure 2.14. Polystyrene swelling with () and without () a surface‐grafted polystyrene
layer.

In Figure 2.14, thin polystyrene films approximately 200 nm thick were spin‐coated
onto silicon substrates and heated to 115 °C. Using ellipsometry, swelling as a function of
CO2 pressure was measured for films deposited directly on the untreated wafer () and
onto a wafer modified with a high molecular weight, chemically‐grafted polystyrene brush
(). The film on the untreated wafer underwent a sudden thickness increase after a soak

period of several hours, after which the thickness no longer increased systematically with
pressure. The film spin‐coated onto the PS brush, however, showed only a minimal increase
in thickness after the soak period, but continued to show an increase in thickness with
pressure. This may be caused by the creation of pinholes and dewetting of the film on the
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untreated wafer, whereas the brush‐treated surface enabled the PS film to retain its
integrity throughout. The dashed line is a linear fit of the brush‐treated sample.

To complete the data needed for the chapter on poly(styrene‐block‐isoprene) ODT
scaling, swelling of polyisoprene (PI) was obtained by ellipsometry and reported
previously.19 Due to polyisoprene’s low Tg (approximately ‐70 °C), heating the films was not
necessary to facilitate equilibrium swelling. Figure 2.15 gives the swelling data as a function
of both pressure (a) and CO2 activity (b) for a thin film at two temperatures in addition to
bulk data from the literature. In Figure 2.15a, the ellipsometric data obtained for 60 nm
films at 24 °C and 49 °C deviate from each other and from the bulk data reported by Zhang
et al. at 35 °C, especially at higher pressures. However, plotting the data as a function of
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Figure 2.15. Polyisoprene swelling as a function of (a) CO2 pressure and (b) CO2 activity. The
data has been adapted from work previously reported.19

CO2 activity (Figure 2.15b) helps to collapse the film data to a single curve by correcting for
differences in temperature. Zhang’s data deviates at higher pressures, but this is more likely
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due to their indirect estimation of the PI swelling by extrapolation swelling data from
styrene‐b‐isoprene copolymers. The solid line represents the best fit to all data in order to
determine polymer for polyisoprene used in the calculations of diblock to be used later. polymer
is plotted as a function of pressure in Figure 2.16.
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Figure 2.16. Polyisoprene swelling data plotted as polymer volume fraction vs. CO2 activity.

2.4

Conclusions
In this chapter, existing techniques and equipment for high pressure ellipsometry

were modified in order to extend the methods to high temperatures. Using a new high
pressure window design retrofitted into the existing optical cell, artifacts from stresses
induced on the cell windows were capable of being eliminated up to temperatures well
beyond those used for the swelling measurements in this study. The new design enabled
accurate homopolymer swelling data to be measured, which was demonstrated by the good
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agreement between isotherms for thin films collected by ellipsometry at 65 °C with data
previously reported neutron reflectivity. Further swelling measurements of polystyrene at
115 °C and polyisoprene agreed well with data reported in the literature. Using this data to
determine polymer for each of the two homopolymers, the total polymer volume fraction of
poly(styrene‐b‐isoprene) copolymers, diblock, can be estimated. This allows for quantitative
descriptions of the phase behavior relationships, or more specifically the order‐disorder
transition temperatures scaling behavior.
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CHAPTER 3
SCALING OF THE ORDER‐DISORDER TRANSITION OF STYRENE‐b‐ISOPRENE IN
COMPRESSED CO2

3.1

Introduction
Block copolymers are well‐known for their ability to self‐assemble into a wide

variety of morphologies, which have proven exceptionally useful in creating materials and
templates with ordered, nanometer‐scale features.1‐4 Their phase behavior in the melt has
also been the subject of extensive research in the past few decades with many theoretical
and experimental advancements.

5‐8

In cases where the unfavorable interactions between

the dissimilar chains segments are relatively weak, these systems can undergo an order‐
disorder transition (ODT) in which the copolymer transitions from a disordered melt or
solution upon cooling into domains having a periodically‐spaced domain structure. Because
the transition is reversible, heating the copolymer back through the transition returns the
system to a phase‐mixed state.
According to mean field theory, diblock copolymer phase behavior in the undiluted
melt can be broken down into two relevant terms, N and f, which are the product of the
Flory‐Huggins interaction parameter and the degree of polymerization, N, and the volume
fraction of a specific copolymer block, f, respectively.9 For a symmetric diblock copolymer,
theory predicts phase separation will occur at (N)ODT = 10.5. Fredrickson and Helfand
introduced modifications to Leibler’s theory to include fluctuations in composition near the
ODT.10 The modified theory predicts that these fluctuations will result in lower ODTs in
comparison to predictions by simple mean field theory, that the transition is first‐order for
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all compositions, and that a direct disorder to lamellae transition is accessible. Khandpur et
al.11 confirmed these predictions experimentally using a series of styrene‐block‐isoprene
copolymers.
Although neat block copolymer systems are quite well‐understood, it is often
important or advantageous to use a solvent‐copolymer mixture in order to achieve a desired
structure or specific physical properties. In the simplest case, the solvent is neutral towards
the different segments and predominately acts to screen unfavorable intersegmental
enthalpic interactions. The addition of good, neutral solvent to a diblock copolymer has
become a common12‐15 and practical method of studying block copolymer behavior, and is
especially useful when extending to those systems which have ODTs that are difficult or
even impossible to observe experimentally due to thermal stability limits. Such is the case
for polymer chains with blocks possessing high molecular weights or strong unfavorable
interactions (large N). The solvent‐mediated screening of these enthalpic interactions
causes a shift in the phase diagram to lower temperatures, and facilitates equilibration by
enhancing chain mobility.16 The results of these solution experiments have often been
interpreted by scaling the TODT with the polymer volume fraction, :

  (  N ) ODT 

F( f )
2

(3.1)

This scaling concept , first proposed by Helfand and Tagami,17 replaces  in the melt
with an “effective” interaction parameter, , where  is the scaling parameter describing
the effect of  on  and enables prediction of the phase diagram of the copolymer‐neutral
solvent system from the original melt‐phase diagram by replacing changes in temperature
with changes in neutral solvent concentration so that  = eff  . Helfand and Tagami
obtained a universal scaling exponent of  = ‐1 from mean field theory, termed the dilution
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approximation.17 The applicability of the dilution approximation, however, rests on the
assumptions that the solvent is uniformly distributed with respect to the segregation, that it
is non‐selective for both blocks (AS = BS), where A and B denote copolymer blocks and S
denotes solvent), and that it is a good solvent if using a liquid diluent.16 This approach has
been quite successful in predicting changes in d‐spacings and order‐order transitions (OOTs)
with addition of solvent. This latter success is due in part to the strength of the mean field
theory in calculating the free energies of the two strongly‐segregated phases.14,

15, 18, 19

However, extension of the dilution approximation to changes in TODT reveals weaknesses of
the current fluctuation‐corrected mean field theory. Whereas theory has suggested16 that
agreement may exist for concentrated solutions, no valid region for the dilution
approximation has been observed experimentally. Furthermore, it has been established
that the dilution approximation can significantly underestimate the ODT depression by a
neutral solvent.
While the overwhelming majority of work published on the impact of copolymer
dilution on their phase behavior involves neutral organic solvents such as dioctyl phthalate
(DOP) or toluene in poly(styrene‐b‐isoprene),15, 19, 20 this work focuses on the phase behavior
of diblock copolymers diluted by compressed CO2. A compressible fluid, in contrast to a
traditional liquid solvent, enables adjustments in solvent strength by pressure‐mediated
changes in the fluid density. This attribute allows for continuous, reversible control over the
solvent uptake in a polymer, especially at high polymer volume fractions. Previous work by
Vogt and Watkins has shown that sorption of small volume fractions of CO2 can increase the
miscibility of styrene‐b‐isoprene copolymers resulting in a depression of the ODT.21 The
high ODT temperatures of many diblock copolymers necessitate solvents with higher
molecular weights (and lower vapor pressures) to prevent vaporization. As a consequence
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of their size, the solvent diffusion rates through the polymer can be low leading to
inhomogeneities in the solvent distribution at high .

As  → 1, CO2 offers several

advantages over these liquid solvents: the high diffusivity of CO2 in polymers and the
tunability of  through changes in temperature and pressure.
Here, these properties allowed us to examine the scaling of the ODT for a series of
nearly symmetric poly(styrene‐b‐isoprene)s at very high . The location of the ordering
transition was determined by cooling from the disordered melt. Thus in practice a disorder‐
to‐order transition (DOT) was measured.

The literature referenced throughout the

discussions describes both ODTs and DOTs, often using the term ODT generically to describe
either. The term ODT is used throughout this chapter. The phase behavior of P(S‐b‐I) is
well‐established in the melt11, 18, 22, 23 and in solution near the ODT12‐15, 20, 24, 25 and enables
easy comparison between a compressible fluid (CO2) and liquid solvents. To estimate polymer
when swollen with CO2, careful swelling measurements of both individual homopolymers as
a function of temperature and pressure are utilized. Previously, Lemert and coworkers26
have demonstrated that CO2 sorption in ordered block copolymers is equivalent to the
weighted average of the respective homopolymers. Homopolymer swelling data are then
utilized to elucidate how the ODT scales when  > 0.9, which can be extremely difficult or
impossible with liquid solvents. The effect of hydrostatic pressure on the ODT has to be
considered when working with high pressures, but this is nearly negligible (approximately 19
K/kbar ) for P(S‐b‐I) systems27, 28 for the pressures examined in this work.
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3.2

Experimental

3.2.1

Sample Preparation – Birefringence
Three poly(styrene‐block‐isoprene) (P(S‐b‐I)) copolymers (denoted SI 7/8, SI 11/10,

SI 16/11) were obtained from Polymer Source (Dorval, PQ), and the fourth (SI 14/14) was
obtained from the Polymer Synthesis Facility at the University of Minnesota. The isoprene
segment for each SI copolymer was 1,4 addition. Volume fractions were calculated by
assuming the densities of the phases to be 1.05 and 0.90 g/cm3 for polystyrene and
polyisoprene, respectively, which is based off of their bulk densities.

Carbon dioxide

(Coleman grade, 99.99%) was purchased from Merriam‐Graves (Airgas) and used as
received. The block copolymer properties are listed in Table 3.1. The copolymers were first
co‐dissolved in toluene with Irganox 1076 (Ciba, 0.002 g/g polymer) to inhibit oxidative
degradation of the isoprene block at the high temperatures used in this study, and solutions
were vacuum‐dried at 115 °C until their masses remained constant. The polymers were
then melt‐pressed at 110 °C (above each segment’s Tg) into 1 mm‐thick aluminum sample‐
retaining rings, placed between two amorphous borosilicate (BK7) windows (ESCO
products), and the circumference wrapped in perforated Teflon® tape. The sample was
placed into the pressure cell and pressurized to 50 psia (≈3.5 bar) CO2 and then
depressurized. This purge step was repeated several times to ensure oxygen was removed
from the pressure cell cavity.
Table 3.1. Characteristics of the Diblock Copolymers Used in This Study.
Sample
SI 7/8
SI 11/10
SI 16/11
SI 14/14

Mn (kg/mol)
15.0
21.2
27.3
28.0

fPS
0.44
0.49
0.54
0.48
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PDI
1.03
1.05
1.05
1.10

ODT (°C)
109
161
222
237

3.2.2

Static Birefringence
Static birefringence was used to determine the ordering transitions for the SI

samples. Schematics of both the experimental setup and the stainless steel pressure cell
have been reported previously.29 Modifications to the setup include a custom written
LabView routine interfaced with an electronic pressure gauge calibrated with a dead‐weight
tester (Omega, Stamford, CT), a PID temperature controller, a photodiode (Melles‐Griot),
and a computer‐controlled syringe pump (Teledyne Isco).30

The LabView routine was

designed to make temperature adjustments of 0.2 C intervals and to maintain pressure to a
constant CO2 activity (diblock). The schematic of the equipment setup is shown in Figure 3.1.
Two oriented [0001] sapphire windows (Crystal Systems, Salem, MA) were used as
the pressure‐retaining windows and sealed with Kalrez® perfluoroelastomer O‐rings and
Teflon backup rings (Marco Rubber). The backup rings are important to prevent extrusion of
the circumferential window seal at high pressures. The cell was heated using an aluminum
heating jacket with embedded cartridge heaters and insulated using Teflon casing. The
pressure cell window modifications described in Chapter 2 are also applicable for this
experimental setup. These modifications, which include the same custom stainless steel
window holders used in the ellipsometry pressure cell, allow for free‐floating,
circumferentially‐sealed windows in order to reduce artifacts in the measurements resulting
from stress‐induced birefringence.31
The measurements involve monitoring the intensity of a HeNe laser as it passes
through an orthogonally‐oriented polarizer‐analyzer set placed on opposite sides of the
sample. More specifically, the first polarizer used in these experiments was a polarizing
prism, which uses two orthogonal prisms (often calcite) separated by either an air‐gap or a
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Temperature Controller
Computer
Sample

Pressure Generator

Detector

HeNe Laser

Polarizer

Analyzer

Circumferentially-sealed
sapphire windows
Figure 3.1. Schematic of the modified static birefringence equipment and pressure vessel
containing the retrofitted window design.

thin layer of adhesive. This type of polarizer splits the incoming unpolarized light into two
polarized beams by diverging the parallel and perpendicular components, or reflecting one
component while transmitting the other. A small amount of light was transmitted in the
absence of sample due to error in the cut angle of the sapphire windows ( 2). This
intensity, however, remained small and nearly constant over the experimental conditions.
Before beginning the acquisition, the block copolymer was heated in the cell above
its ODT until the transmitted intensity reached a minimum, which was approximately
identical to the empty cell. After any change in the temperature or pressure, the sample
was equilibrated for 6 minutes, which was found to be sufficient for reproducible data as no
change was observed in the TODT for longer periods.

Upon ordering into a lamellar

morphology, the copolymer became birefringent and the transmitted intensity increased
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abruptly. The ODT was calculated as the inflection point of this sigmoidal change in the
transmitted depolarized intensity curve obtained by cooling through the transition.

3.3

Results
In this work, the order‐disorder transition temperatures of several poly(styrene‐

block‐isoprene) diblock copolymers have been measured as a function of the diblock
copolymer volume fraction, diblock. Carbon dioxide was used in these experiments as a weak
and relatively non‐selective solvent used to depress the ODTs and compared to more
conventional liquid solvents reported in the literature.

This chapter incorporates the

swelling data for polystyrene and polyisoprene homopolymers measured by ellipsometry in
Chapter 2 to obtain a quantitative relationship for the ODT scaling as a function of the
diblock copolymer‐CO2 volume fractions.

3.3.1

Effects of Pressure Cell Windows on Birefringence Measurements
Work by both Lodge and Balsara have shown static birefringence to be a reliable

method of determining block copolymer ODTs for anisotropic phases.19,

24, 32

However,

because the quantity measured in these experiments is the depolarized transmitted
intensity, it is crucial to minimize or control any transmission resulting as artifacts from the
windows. As with the high temperature ellipsometry measurements, the direct O‐ring‐to‐
window sealing force at the pressure cell’s face seal in the previous design can lead to large,
temperature‐dependent fluctuations in birefringence.
Using the same “free‐floating,” circumferentially‐sealed window modification from
the high pressure ellipsometry measurements, stress‐induced birefringence from the
sapphire windows can be minimized. Figure 3.2 plots the transmitted intensity as a function
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of temperature for an empty pressure cell with all sample and pressure‐retaining windows
intact. No correlation exists between the intensity and temperature over the range studied
(≈ 10 °C). This range is sufficient to observe the transitions in this study. The random

Transmitted Intensity (a.u.)

2.7
Cooling

2.6
2.5
2.4
2.3
2.2
2.1
2.0

200

202

204

206

208

210

Temperature (°C)
Figure 3.2. Transmitted intensity vs. temperature (through crossed polarizers) for an empty
sample cell using the new window design. Data was collected while cooling at a CO2 activity
of 0.2, representing a pressure range of approximately 48 – 55 bar. The intensity of the
random fluctuations is nearly two orders of magnitude lower than the observed intensity
change at the ODT.

fluctuations in intensity are more likely a result of detector noise with the effect of the
sapphire windows being mostly unobservable. Overall, the contribution to the intensity
from both is still almost two orders of magnitude lower than the intensity change at the
transition as shown in the raw intensity data below for each sample.
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3.3.2

Calculation of CO2 Activity and ODT
In order to determine the scaling behavior of the ODT of each block copolymer, the

ODT must be measured as a function of the total diblock copolymer volume fraction, diblock,
where each ODT temperature is obtained at constant solvent, or CO2 volume fraction, CO2.
This provides useful phase behavior mapping for a block copolymer dilated by CO2. With
conventional high boiling liquid solvents, a sample solution of a particular diblock is prepared
by simply mixing the polymer and solvent at the appropriate ratios and then measuring the
solution’s ODT temperature. However, because the measurements in this work are made
by sweeping the temperature through the ODT using a compressible fluid, the equilibrium
solubility of the fluid in a polymer is a function of the fluid pressure. The pressure must
therefore be changed with each temperature increment to compensate for the changing
solubility of CO2 in the polymer. Otherwise diblock would vary during the experiment making
quantitative measurements especially difficult.
To simplify the experiments and to maintain constantdiblock in each measurement,
the experiments were performed at constant fluid activity, which has been reported in the
literature29, 30, 33 and can by calculated by the following equation for CO2:

a CO2 

PCO2  CO2 (T , P )
 v CO

sat
PCO
 CO2 (T , P sat ) exp  2 ( P  P sat ) 
2
 RT


(3.2)

where T and P are the system temperature and pressure where the superscript “sat”
indicates the saturation value, v CO 2 represents the partial molar volume of CO2,  CO 2 (T , P )
is the fugacity coefficient of CO2, and

R is the gas constant.

Because the fluid sorption is

limited only by equilibrium, the activity of the fluid phase surrounding the polymer is equal
to the activity of the CO2 in the swollen polymer sample. Therefore, the fugacity of the
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polymer phase equals that of the surrounding fluid, which can be calculated by the Peng‐
Robinson equation of state.34 At temperatures and pressures above the fluid’s critical point
(Tc = 31.1 °C, Pc = 73.9 bar), a hypothetical vapor pressure is obtained by extrapolation of the
Antoine equation.
The fluid activity, because it is a function of both temperature and pressure,
collapses both of these parameters into a single term. With the solubility of a compressible
fluid being a function of temperature, plotting the pressure as fluid activity enables swelling
isotherms collected at various temperatures to be directly compared, assuming the samples
are both above or below their melting or glass transitions. The activity is also related to the
polymer volume fraction by a form of the Flory‐Huggins equation,35

ln a  ln(1   )     2

(3.3)

where  is the polymer volume fraction, and  is the Flory‐Huggins interaction parameter,
and therefore maintaining constant activity during a ODT measurement also ensures that
the total volume fraction of solvent in the sample remains constant.
To calculate the interaction parameter at the ODT for SI diblocks (SI‐ODT), the
measured ODT temperatures were converted using a previously‐reported temperature
dependence of  for SI melts: 19, 20

 SI  ODT 

33
 0.0228
TODT

(3.4)

This relation was produced from a linear fit to other ODT data available in the literature for
a range of concentrations using nearly‐symmetric SI diblock copolymers in the melt and
solutions of the polymer toluene or dioctyl phthalate. The estimation of ODT will become
more important in section 3.3.4.
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3.3.3

Observing the Order‐Disorder Transition
Using static birefringence, the ODTs for each SI copolymer were collected at

constant CO2 volume fraction (activity) over an activity range of  = 0.0 (ambient) to  =
0.90 (shown in Figure 3.3a). The raw data curves for SI 7/8 during heating and cooling
through the ODT in the absence of CO2 ( = 0.0) are shown in Figure 3.3a. Because
hysteresis is present and to eliminate the possibility of effects due to thermal history, the
ODTs reported in this work used for calculations are obtained by cooling through the
transition and calculated as the point of maximum slope along the curve (the inflection
point). Both curves show no noticeable contribution to the lineshape due to window stress
birefringence. A distinct, sharp change in the transmitted intensity is also seen in both
heating and cooling profiles, which for the cooling curve is consistent with a first‐order
transition to the ordered lamellar morphology.
Figure 3.3b presents typical raw intensity curves for SI 7/8 at several CO2 activities
obtained by cooling through the ODT. The ODT decreases nearly 25 °C from upon uptake of
CO2 as the pressure is increased from ambient to an activity of 0.63 (≈ 69 bar). A sharp
transition upon cooling is recorded in each case. Although the intensity at the ODT is
sometimes much greater for the higher activity transition as seen in Figure 3.3b and Figure
3.4, no definitive correlation was seen between the transmitted intensity and the activity
used. although there is no obvious correlation between the transmitted intensity at the ODT
and the CO2 activity.
Similar behavior has been observed previously for poly(styrene‐block‐2‐vinyl
pyridine) copolymers,30 which, in general, may be explainable by the appearance of another
morphology in the melt or by enhancements to the grain growth of the ordered lamellar
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Figure 3.3. (a) Raw transmitted intensity curves measured during cooling and heating
through the ODT for SI 7/8 at ambient pressure (a = 0.00). (b) Similar raw transition data for
SI 7/8 for activities of 0.00, 0.21, 0.42, and 0.63. The ODTs shift towards lower temperatures
at higher CO2 activities (higher CO2 uptake).

morphology. However, the former is not likely as poly(styrene‐block‐isoprene) has a wide
experimentally‐observed lamellar region,11 while the work in Chapter 2 suggests that CO2
behaves as a nominally neutral solvent between the polystyrene and polyisoprene
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segments. For the nearly‐symmetric copolymers in this study, a transition from disorder to
a lamellar morphology is expected. This has also been suggested from previous work.21
However, experimental difficulties from working at these pressures have prevented
measurements by SAXS.
The raw data is given for the larger molecular weight SI 11/10 in Figure 3.4 as shown
at activities of 0.21 and 0.80, which is representative of a wide pressure range (≈ 35–160
bar). SI 16/11 raw data at an activity of 0.21 (≈ 55 bar) is also given in Figure 3.5. The data
in both of these figures were collected at higher temperatures than SI 7/8 and similarly
show sharp transitions and negligible window artifacts. These data are representative of the
raw cooling curves observed for each block copolymer over the full range of CO2 activities.

Transmitted Intensity (a.u.)

225
200
175

TODT = 119.8 °C
a = 0.80

150

TODT = 151.1 °C
a = 0.21

125
100
75
50
25
0

116 118 120 122 148 150 152 154

Temperature (°C)
Figure 3.4. Raw transmitted intensity curves measured during cooling through the ODT for
SI 11/10 at CO2 activities of 0.21 and 0.80.

Figure 3.6 shows the ODT temperatures as determined for all SI samples as a
function of activity. Although subtleties (discussed in the next section) are not revealed
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Figure 3.5. Raw transmitted intensity curves measured during cooling through the ODT for
SI 16/11 at a CO2 activity of 0.21. These conditions correspond to a TODT of 206.5 °C.
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Figure 3.6. ODT temperatures of all block copolymers used in this study as a function of CO2
activity.
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when plotted at this scale, it is obvious from the data that CO2 is effective at screening the
unfavorable A‒B interactions and promoting mixing at lower temperatures when compared
to ambient pressure transition data.

In the case of SI 16/11, for example, the ODT

temperature is depressed by more than 60 °C for the activity range studied.

These

transitions induced by CO2 sorption are completely reversible by simply reducing the fluid
phase activity, whereby the CO2 sorbed by the polymer freely exits the material. Additional
runs of these experiments have also shown the measurements of the transitions to be
repeatable within 1‐2 °C. This data will be discussed in more detail in the following section.

3.3.4

ODT Scaling of Symmetric Poly(Styrene‐b‐Isoprene) Copolymers
The ultimate objective of this work, to determine quantitative ODT scaling behavior

of the copolymers, was completed by combining the swelling data in Chapter 2 with the
transition measurements discussed here.

Combining the calculated SI‐ODT and diblock

obtained from the measured data, the scaling parameter,  from equation 3.1 (recalling
that  = ‒1 for the dilution approximation) represents the slope of a log‐log plot of the two
parameters plotted as SI‐ODT versus diblock. The quantity diblock was estimated from the
equation

 P ( S  b  I )  f PS  PS  f PI  PI ,

(3.5)

where the diblock copolymer volume fraction is determined from the individual swelling
data for each homopolymer weighted by the volume fraction of each in the block
copolymer. Figure 3.7‒Figure 3.10 on the following several pages show the  dependence
of ODT for all SI copolymers studied and are each plotted on a linear scale to simplify
viewing of the horizontal axis. The actual values of the scaling parameter shown on each
plot were calculated from the slope of the log‐log plot of the same data. The dashed lines
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Figure 3.7. Scaling behavior of ODT () and TODT () as a function of diblock for SI 7/8 along
with  calculated from the log‐log slope (approximated by the solid lines) at higher dilutions.
The dashed line that is longer represents the dilution approximation ( = ‐1), whereas the
shorter dashed line (at near‐bulk concentrations) is the extrapolation of higher dilution data
to the neat melt.
(where  = 1) on each plot represent the ODTs predicted by the dilution approximation. For
all copolymer scaling data, the experimental data deviate from the dilution approximation
to larger values of ODT. This means that the mean field theory9 underestimates the
screening of intersegmental interactions by CO2 (or any neutral solvent), which acts to
stabilize the disordered state. In other words, it does not accurately predict the free energy
of the ordered state for a polymer‒solvent system near the ODT. The mean field theory
does not account for segmental fluctuations in composition (which also act to stabilize the
disordered state) and therefore will be inaccurate near the ODT.
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Figure 3.8. Scaling behavior of ODT () and TODT () as a function of diblock for SI 11/10 along
with  calculated from the log‐log slope (approximated by the solid lines) at higher dilutions.
The dashed line that is longer represents the dilution approximation ( = ‐1), whereas the
shorter dashed line is the extrapolation of higher dilution data to the neat melt.

As the copolymer molecular weight increases, these fluctuation effects are reduced,
and the Fredrickson‐Helfand fluctuation theory reduces to Leibler’s mean field theory in the
limit of infinite molecular weight.16 For short chain lengths such as those examined in this
study, fluctuations are an important factor in the free energy term. Also noteworthy is that
mean field theory neglects entropic effects of chain stretching. Therefore, the possibility
exists that addition of a small fraction of solvent could act to relieve this penalty.20
For all copolymers but the highest molecular weight, SI 14/14, the scaling parameter
appears to reach limiting values of approximately ‐1.2 to ‐1.3, as shown explicitly in Figure
3.7‒Figure 3.10 for  < 0.98, and persist through the dilution range studied. These values

64

0.056

230

0.054

220
 = -1.27

210
200

0.050

190

0.048

180

0.046

170

 = -1

0.044

TODT (C)

ODT

0.052

160
0.042
0.88

0.90

0.92

0.94

0.96

0.98

1.00

 diblock
Figure 3.9. Scaling behavior of ODT () and TODT () as a function of diblock for SI 16/11 along
with  calculated from the log‐log slope (approximated by the solid lines) at higher dilutions.
The dashed line that is longer represents the dilution approximation ( = ‐1), whereas the
shorter dashed line is the extrapolation of higher dilution data to the neat melt.

are similar to the scaling exponents reported for lamellar SI diblocks in neutral DOP over a
concentration range of approximately 0.55 to 1 ( = ‐1.31 and ‐1.38).19 However, the scaling
of the ODT at concentrations near the neat melt ( > 0.9) has not previously been reported.
Fredrickson and Leibler’s fluctuation‐corrected predictions16 suggested years ago that the
dilution approximation would apply only to concentrated systems ( > 0.1). However, no
apparent range of validity for the dilution approximation has been observed experimentally
in the literature where   0.9.
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Figure 3.10. Scaling behavior of ODT () and TODT () as a function of diblock for SI 14/14
along with  calculated from the log‐log slope (approximated by the solid lines) at higher
dilutions. The dashed line that is longer represents the dilution approximation ( = ‐1),
whereas the shorter dashed line is the extrapolation of higher dilution data to the neat melt.

The  range for SI 14/14 is limited in comparison to the other three, but it appears
that  is in a transient region (similar to 0.97 <  < 1 for SI 16/11). If greater dilutions had
been measured, it is possible that a similar limiting exponent for  (approximately ‐1.3)
could have been obtained. Yet, none of the samples appear to approach the dilution
approximation at any concentration. As mentioned previously, polymer solutions with
traditional solvents at the concentrations reported here ( > 0.9) may create solvent
inhomogeneities due to poor diffusion rates within the polymers. Using compressed CO2 as
a solvent, the scaling behavior has been examined at very low dilutions to complete the
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concentrated scaling window with no evidence for validity of the dilution approximation for
the ODT in any concentration range.
The use of CO2 has revealed interesting ODT scaling behavior not seen previously
with liquid diluents. The behavior is observed in the highest concentrations in Figure
3.7‒Figure 3.10 in which ODT does not extrapolate to the value of the ODT for the pure
copolymer as the scaling deviates more severely from the dilution approximation. A similar
phenomenon has been shown by Lai et al., where the d‐spacing in solution does not scale to
the value of the neat melt as the concentration of various solvents is extrapolated to the
pure diblock copolymer.36 A recent study37 describing the effects of CO2 sorption on the d‐
spacing of P(S‐b‐DMS) suggests that asymmetric swelling of the respective blocks can lead to
abrupt deviations from scaling at low dilutions. However, the selectivity of CO2 in the
present study is shown to be negligible.
Nonetheless, in the systems considered here we find abrupt deviations in the scaling
exponent are observed at moderate dilutions as the system approaches the pure block
copolymer melt. This behavior is shown in more detail in Figure 3.11. Closer inspection
reveals that these abrupt changes occur at similar dilutions. The neutral good solvent
toluene has been shown by SANS analysis38 to collect at the interface of segregated styrene‐
b‐isoprene systems, which agrees with predictions by Fredrickson and Leibler’s mean field
analysis.16 Other work by Naughton and Matsen39 has suggested that both decreasing the
quality of a solvent and increasing its size may drive the solvent to collect at the A‐B
interface. CO2 is a poor solvent for both blocks, and it may therefore be possible that
solvent collects predominantly at the interface in the initial dilution regions of highest  in
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Figure 3.11. Additional solvent uptake may then partition more evenly between each of the
copolymer blocks and the interface as the interfacial sites become occupied.
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Figure 3.11. Log‐log plot of ODT as a function of diblock for each copolymer showing the
breaks in the scaling behavior and corresponding values of . The data are offset for clarity,
and  at each initial break is given in the legend.

It is also important to determine whether there may be any effects of N on the
scaling parameter, .

As previously mentioned, the three lower molecular weight

copolymers have apparent limiting values of  = ‐1.2 to ‐1.3 as dilution increases, while SI
14/14 appears to be approaching that value.
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When plotting the scaling parameters

obtained from the initial slope region from approximately  ≈ 0.98 to the undiluted melt
(shown in Figure 2.12), an increasing dependence on N is evident. Lodge et al.19 observed a
similar dependence for SI copolymers in DOP at higher dilution. This cannot be explained by
a greater mean field‐type behavior expected with increasing N as this would act to decrease

. As mentioned above, the entropic effects of chain stretching at the interface are also
neglected in the theory. A minimal amount of solvent may help to reduce these penalties
and may be partially responsible for the rapid decreases in .
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Figure 3.12. Scaling exponent () versus the copolymer total degree of polymerization N,
represented as the initial slopes in Figure 3.11 from  ≈ 0.97 up to the undiluted melt ( = 1).
3.4

Conclusions
The phase behavior of several nearly symmetric P(S‐b‐I) diblock copolymers dilated

by compressed CO2 (as a near‐neutral solvent) was determined by static birefringence
measurements at constant CO2 activity (constant diblock). We have used high‐pressure
ellipsometry measurements of thin homopolymer films to estimate the total volume
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fraction of the diblock in the CO2/diblock system. This has allowed us to determine the
scaling exponent from equation 3.1 in the concentration region of 0.9 ≤ diblock ≤ 1 by the log‐
log slope of ODT as a function of diblock. The use of compressed CO2 has made this range
possible through simple, continuous adjustments in the solvent density (solvent strength).
Data obtained at lower concentrations shows that reaches a limiting value of ‐1.2 to ‐1.3
for smaller‐chain polymers, but also appears to be approaching this value for the highest
molecular weight SI 14/14 sample. These values are close to that previously reported for
experiments at lower polymer concentrations, and they reiterate the inability of the dilution
approximation to accurately describe the disordered state free energy.
The scaling behavior at very high polymer concentrations also revealed interesting
and abrupt changes in  at nearly identical concentrations for all samples. It has been
shown that even for a neutral, good solvent there will be some partitioning of the diluent at
the interface (which can increase with decreasing solvent quality). This slope change may
be attributed to the solvent collecting predominantly at the interface in the higher‐slope
region and then distributing throughout the blocks as contact sites are occupied. Finally,
our data suggests that a dependence of  on N exists for this higher  data, which is
contrary to mean field theory predictions of decreasing  with increasing molecular weight.
However, a similar dependence on N also observed in this work has been reported for SI
copolymers in DOP at lower concentrations.
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CHAPTER 4
PHASE BEHAVIOR OF BLOCK COPOLYMER SURFACTANTS BLENDED WITH SELECTIVE,
HYDROGEN BONDING ADDITIVES

4.1

Introduction
Block copolymers have been the subject of widespread research efforts due to their

ability to form periodic, well‐ordered lamellar, cylindrical, spherical, and other network
morphologies with dimensions below 50 nm.1‐5 Such patterns have been investigated for
microelectronics fabrication, including the fabrication of high density integrated circuits and
memory arrays.6‐10 The lower limits to this size is often dictated by the product N (or
(N)c). Both the chain length, N, and the segment‐segment interaction parameter, , must
be large enough for spontaneous phase separation to occur. However, because the domain
size is coupled to N, a decrease in the molecular weight (to obtain smaller feature sizes)
must be accompanied by an increase in . Obtaining domain sizes less than 20 nm involves
selecting the copolymer repeat units with a sufficient interaction parameter to offset the
low molecular weights.7, 11 For this case, copolymers of polystyrene containing either PDMS
or polyethylene oxide (PEO) blocks have been successful due to their large AB.
An alternative approach involves the use of low molecular weight, block copolymer
surfactants based on polyethylene oxide (PEO). Two types of these materials in particular
are known commercially as Pluronic® and Brij surfactants.

These are inexpensive,

commercially‐available triblock copolymers of polyethylene oxide and polypropylene oxide
(Pluronic® surfactants) and diblock copolymers of PEO and short‐chain polyethylene
segment (Brij surfactants). In the case of the Pluronic surfactants, PEO‐PPO is relatively low
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compared to more common block copolymers typically used for self‐assembly, and the
systems are below (N)c at a moderately‐elevated temperature of 60 °C for even the highest
molecular weight Pluronic surfactant, F108.12 Values for PEO‐PPO in the literature have
placed the value at ≈ 0.066–0.068 at 80 °C.13,

14

Therefore, many of these systems by

themselves are incapable of forming phase separated microstructures or ordered
morphologies.
Even with their very low values of N, these systems can be forced to behave
similarly to conventional high segregation strength block copolymers. For example, the
blending of additives capable of donating multiple hydrogen bonds along the ethylene oxide
segments of the copolymer surfactant has been reported to be a successful method of
increasing the effective  between the ethylene oxide (EO) and propylene oxide (PO) repeat
units. An illustration of this concept is shown in Figure 4.1.12 The schematic shows the
concept in which a homopolymer (e.g. polyacrylic acid, or PAA) is added to a disordered
Pluronic surfactant. By selective association of the carboxylic acid groups with the PEO
block of the surfactant (through hydrogen bonds), the PAA homopolymer additive increases
the effective interaction parameter, AB‐eff, between the PEO and PPO blocks.
The mechanism by which this may occur is the exclusion of the propylene oxide
segments away from the EO and carboxylic acid groups. This exclusion may be a result of
competition between the PPO‐COOH and PEO‐COOH hydrogen bonds, where the latter are
much more favorable. The overall result is a very low molecular weight triblock surfactant
system with sufficient N to reproduce the common diblock copolymer morphologies
including spherical, cylindrical, and lamellar self‐assembled structures.
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Enhanced

segregation was similarly reported by Kramer et al. for poly(styrene‐b‐2‐vinylpyridine) upon
blending with a homopolymer capable of hydrogen bonding with the P2VP block.15

Figure 4.1. Schematic of the additive‐driven ordering process of a block copolymer
surfactant. Reprinted from Tirumala et al.12

This chapter will discuss polymer surfactant blends containing polymeric molecules with
greatly differing chemical structures such as poly(acrylic acid) or poly(hydroxy styrene). The
latter compound type is particularly useful in that its chemical structure is well suited for
practical applications such as reactive ion etch masks to be discussed in much more detail in
the next chapter. This chapter will also discuss the formation of similar ordered blends
except with the polymeric additives substituted with small molecules. The small molecule
additives are expected to afford similar chemical attributes as the polymer additives, but
with physical advantages such lower radius of gyration, Rg. Such advantages will become
more applicable in the next chapter.
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4.2

Experimental
A list of the block copolymer surfactants and the structures of the hydrogen bonding

additives used in this work are given in Table 4.1 in and Figure 4.2, respectively. The
surfactants in the table cover a broad range of the molecular sizes and relative block ratios

Figure 4.2. Chemical structures of the additives used in the surfactant blends.
available for each copolymer. The largest surfactant studied here, Pluronic F108, has a
molecular weight of only 14 kg/mol while the PEO‐based Brij surfactants Brij 78 and Brij 30
are even much smaller PEO‐based surfactants. The additives used in this work range from
both polymers and small molecules with either pendant carboxylic acid or phenolic
functionality. The Pluronic surfactants were obtained as a gift from BASF, and the Brij
surfactants were purchased from Aldrich. All surfactants were used as received.
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Table 4.1. Approximate molecular weights of the Pluronic and Brij surfactants used in this
work, which cover a large range of molecular sizes and relative block volume fractions.
Pluronic
F108
F127
F68
P85
Brij
Brij 78
Brij 30

MW of PPO
(g/mol)
3,000
3,600
1,800
2,400
Total MW
(g/mol)
1,150
362

wt % PEO

Total MW

Structure

80
70
80
50

14,000
12,000
9,000
4,800

PEO127‐b‐PPO48‐b‐PEO127
PEO106‐b‐PPO70‐b‐PEO106
PEO82‐b‐PPO31‐b‐PEO82
PEO28‐b‐PPO41‐b‐PEO28

PEO MW
(g/mol)
897
193

Structure
PEO20‐b‐(CH2)17CH3
PEO4‐b‐(CH2)11CH3

Figure 4.3 below lists on a grid many of the Pluronic surfactants commercially
available. The color shading represents the physical form of the surfactant, and each
product code name describes the molecular weight and relative volume fractions of each
block. The first number in the product name is multiplied by 300 to give the molecular
weight of the PPO hydrophobe (vertical axis). The next number (or numbers) can then be
multiplied by 10 to obtain the total wt % of the hydrophile (PEO). Moving up and down on
the grid therefore represents Pluronic surfactants with larger or smaller molecular weights,
respectively. Moving laterally changes the relative fractions of the PEO and PPO segments
in the triblock copolymer, allowing for control over copolymer morphology. The percent of
the PEO segments in a chain, shown as the hydrophile, increases from left to right.

78

Liquid

Molecular Weight of Hydrophobe
(950 to 4000 polyoxypropylene)

L121

Paste
L122

P123

P103

L101

Solid
F127

P104

P105

F108

F98

L92

L81

P84

L72

L61

L62

L63

L64

L42

L43

L44

L31

P85

F87

P75

F77

F88

P65

F68

L35

F38

Hydrophile (10 to 80% polyoxyethylene)
Figure 4.3. The Pluronic surfactant nomenclature grid, relating the surfactant name to its
overall molecular weight and block composition. Adapted from the Pluronic surfactant grid
from BASF.16

4.2.1

FT‐IR
FT‐IR was used to study the hydrogen bonding between PAA and the ether oxygen

atoms of PEO and PPO homopolymers. Samples were prepared by dissolving PEO (10
kg/mol, Aldrich) and PPO (3 kg/mol, Aldrich) separately in solutions of 95% ethanol (Fisher
Scientific) and 5% DI water by weight to form concentrated solutions. Both homopolymers
were obtained from Aldrich and used as received. The solutions were then drop‐cast onto
undoped (high resistivity) silicon wafers and dried in a vacuum oven above the melting
temperature of PEO. Drop‐casting and drying were repeated until samples with sufficient
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thicknesses (or absorption) were obtained. The samples were heated to 55 °C (above the Tm
of PEO) using a stainless steel SAXS sample holder encased in a heating jacket, which was
connected to a PID temperature controller (Omega Engineering, Inc.).
FT‐IR spectra were collected on a BioRad Excalibur series FT‐IR over a wavenumber
range of 400‐4000 cm‐1. Each spectrum consisted of 64 individual scans averaged with a
resolution of 2 cm‐1. Peak areas and ratios were calculated by fitting overlapping peaks to
Lorentzian lineshapes using OriginPro software. The two major calculated peaks were
centered at 1710 and 1736 cm‐1 while the peak areas and widths remained adjustable
parameters.

4.2.2

SAXS
Small angle X‐ray scattering (SAXS) experiments was performed at two locations.

Spectra for all Pluronic F108 and F127 blends were acquired at the W.M. Keck
Nanostructures Laboratory (University of Massachusetts Amherst) using Rigaku‐Molecular
Metrology SAXS instrumentation (CuK, λ = 0.1542 nm) equipped with a 2‐D wire array
detector at a distance of 1.5 m from the sample. The scattering data were acquired for a
minimum of 30 min for each sample and then azimuthally averaged over a full 360 degrees.
The averaged data was then represented in plots of the arbitrary intensity versus the
magnitude of the scattering vector, q, where q = (4π/λ)sin() and 2 is the scattering angle.
SAXS spectra for the blends of Pluronic surfactants and PAA (2 kg/mol, Aldrich) and
blends of Brij surfactants with PAA, BHCA, and CTMA were all acquired at the National
Synchrotron Light Source (NSLS) at Brookhaven National Laboratory (Upton, NY) using the
X10A small angle X‐ray scattering beamline. CTMA (carbonyl trimellitic acid) and BHCA
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(benzenehexacarboxylic acid) were both purchased from TCI America and used as received.
The synchrotron X‐ray wavelength used was 0.1371 nm, and the instrument parameters
were calculated from the spectrum of a sodium behenate standard. The high X‐ray intensity
at the synchrotron reduced acquisition times to no more than 5 minutes per specrum.
Azimuthal averaging was complicated by the non‐uniform beam that resulted in multiple,
overlapping first‐order peaks centered along the x‐axis. To minimize this effect, averaging
was performed over small angular range centered around the y‐axis where the effect was
minimal (the point at which the peaks overlap). The intensity profiles shown are therefore
lower than acquired.
All samples were prepared by casting concentrated solutions of the surfactant and
additive onto glass slides and evaporating excess solvent in a vacuum oven at elevated
temperatures. The remaining film was scraped with a razor blade and packed into a 1 mm
thick washer, reheated in a vacuum oven to remove any air bubbles, and then sealed with
an additional piece of Kapton film using an epoxy or cyanoacrylate‐based adhesive. Pluronic
F108‐PHS blends were dissolved in ethanol, blends of other Pluronic surfactants and PAA
were dissolved in solutions of 95% ethanol and 5% water, and F127‐MG2OH blends were
dissolved in a 50:50 solution (by weight) of ethanol and ethyl acetate (Aldrich). The
molecular glass additive MG2OH, whose structure is shown in Figure 4.2, was obtained from
TCI America and used as received. Molecular glass additives will be described in more detail
in the discussion section below. The blends of Brij 78 with PAA and the carboxylic acid‐
containing molecular glasses (BHCA and CTMA) were cast from solutions of ethanol‐DI water
solutions containing less than 10 % water.
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4.2.3

DSC
DSC samples were prepared similarly to those for SAXS. F127‐MG2OH blends and

blends containing TMMGU, whose structure shown in Figure 4.2, were cast onto glass slides
from concentrated solutions of 50:50 ethanol:ethyl acetate (by weight).

TMMGU

(tetramethoxy methyl glycoluril), known commercially as Cytec’s Powderlink 1174, was
obtained from Daychem Laboratories and used as received. TMMGU‐crosslinked samples
contained 20 wt% MG2OH, 5 wt% p‐toluenesulfonic acid (pTSA), and increasing amounts of
TMMGU. the general crosslinking mechanism and procedure is similar to that reported by
Dai et al.17 The samples were then dried in a vacuum oven at 80 °C for uncrosslinked
samples, or at ambient temperature for the crosslinked blends and slowly ramped to 80 °C
to complete the reaction. 8‐15 mg of each sample was then scraped from the slide and
placed in hermitically‐sealed, aluminum pans. All samples were then heated to 100 °C to
erase thermal history, cooled to 5 °C at a rate of 5 °C/min and held for 5 min, and then
heated to 100 °C at 5 °C/min. The data reported was obtained from the final heating ramp.

4.3

Results
In this chapter, the phase behavior of several block copolymer surfactant blends was

studied as function of both the surfactant and the additive types and concentrations. First,
FT‐IR spectra showing hydrogen bond interactions in blends of poly(acrylic acid) with
polyethylene oxide and polypropylene oxide homopolymers will be discussed. Blends of
PAA with PEO‐based block copolymers with phase separated domain sizes less than 10 nm
will then be presented, followed by studies of these copolymers with small molecule,
hydrogen bonding additives.
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4.3.1

FT‐IR of Bulk Blends
The intermolecular acid‐ether interactions that promote blending of homopolymers

(or block copolymer segments) with additives can be observed readily using FT‐IR, as they
often have distinct absorbance bands.

For the materials and systems studied in this

chapter, intermolecular hydrogen bonds are of primary importance since they occur
preferentially between only one of the phases in the PEO‐based copolymers studied.
Depending on the molecules or functional groups involved in the hydrogen bonding, the
type of hydrogen bond (acid‐ether or acid dimer) can be determined often quantitatively as
a percent of the total interactions by fitting the curves to a standard distribution function.
Even if quantitative data are not available for the hydrogen bonding interactions, a
qualitative description of an additive’s selectivity may still be extracted.
Infrared spectra for the PEO‐PAA and PPO‐PAA blends are shown in Figure 4.4 for
samples at 55 °C, which is above the melting temperature of the PEO in order to eliminate
contributions due to crystallization. For the PEO‐PAA blend, the absorption centered near
1710 cm‐1 has previously been shown to be a result of acid‐acid interactions shown to form
cyclic acid dimers.18 This peak position corresponds to stretching vibrations from carbonyl
groups involved in the hydrogen bonding. For blended systems, these interactions do not
contribute to the overall increase in the block copolymer segregation strength. This peak
appears as a shoulder to the more prominent peak of the intermolecular acid‐ether
interactions centered near 1735 cm‐1. This peak results is due to stretching of “free”
carbonyl groups, as they do not participate in the hydrogen bonds with the ether oxygen in
PEO. Initially, the peak ratios might suggest that the acid‐ether bond is more favorable, as
Figure 4.4 and Figure 4.5b show no significant absorption due to acid‐acid associations until
the PAA concentration reaches approximately 33 wt %. At this point it may be likely that the
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Figure 4.4. FT‐IR absorption spectra for (a) PEO‐PAA (10k‐2k) and (b) PPO‐PAA (3.5k‐2k)
homopolymer blends at increasing PAA wt %.
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ether groups along the PEO chains are less accessible as others become occupied, having
the effect of increasing the favorability of acid dimer formation.
These results for the PEO‐PAA blends are summarized in Figure 4.5a‐c, which plots
the ratio of the integrated acid dimer to acid‐ether peaks, as determined by deconvoluting
the overlapping peaks by fitting them to Lorentzian lineshapes. It should be noted that the
fitting likely exaggerates the peak area, and therefore the ratio, of the acid dimer curve. A
less conservative approach to fitting would have resulted in a much sharper upturn in the
ratio near 33 wt %. An example of the curve fitting used is shown in Figure 4.5a for 50 wt %
PAA in PEO.
The above behavior is in contrast to that observed for PPO‐PAA blends at similar
conditions. Shown in Figure 4.4 and Figure 4.5c, both the acid‐ether and acid dimer
interactions occur at similar ratios at all PAA concentrations in PPO. Additionally, the acid
dimer peak is present even at the lowest PAA concentration of 17 wt %. In other words,
this data suggests that the PAA chains do not significantly favor mixing over self‐association.
The ratios of acid‐ether hydrogen bonding peaks obtained by the fitting are plotted in Figure
4.5c for PPO as a function of PAA concentration and were obtained by similar fitting
procedures as the PEO spectra. This representation of the data also shows no clear
dependence or favorability of the blending and self‐association as a function of PAA
concentration.
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Figure 4.5. Results from FT‐IR of PEO‐PAA blends heated to 55 °C. (a) raw spectrum (black
solid line) at 50 wt % PAA with simulated deconvoluted peaks for acid dimer and acid‐ether
hydrogen bonds (green dashed lines) and their combined peak (red dashed line). The peaks
were simulated using Lorentzian lineshapes. (b) Integrated peak area ratios as a function of
PAA wt %. The ratio is that of the simulated acid‐dimer to the acid‐ether peak areas. (c)
Peak area ratios for PPO‐PAA blends.
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4.3.2

BCP Surfactant‐PAA Blends
The results of the homopolymer‐additive blend experiments above are directly

applicable to blends of PAA or other additives with nonionic, block copolymer surfactants
such as outlined in the introduction of this chapter. In both those and the systems discussed
here, the selectivity of the additive relative to each of the blocks plays a critical role in
driving overall phase segregation and morphology of the block copolymers. Whereas the
reported systems involved mostly Pluronic surfactants at the higher molecular weights
available, this work discusses phase segregation behavior of lower molecular weight
copolymer surfactants. This section will demonstrate that even the lower molecular weight
surfactants exhibit favorable phase behavior with much smaller domain sizes and center‐to‐
center domain spacings (d‐spacings).
In Figure 4.6, synchrotron SAXS profiles of Pluronic F68‐PAA blends are shown for 20
and 40 wt % PAA loadings at 70 °C. This temperature lies well above the PEO melting
transition and reduces the contributions to the scattering due to crystallinity. At the lower
PAA concentration, a single, broad scattering peak was observed resulting from an effect
known as the correlation hole.19 The shape of this peak is strongly dependent on  and its
position at the maximum is related to the characteristic center‐to‐center distance between
the A and B segments of a diblock copolymer.20 The broad correlation hole scattering peak
in Figure 4.6 is also characteristic of a disordered or phase‐mixed block copolymer melt. At
40 wt % PAA, however, a substantial decrease in the primary peak width (full‐width, half‐
maximum) is also observed in addition to an increase in the scattered intensity. This type of
behavior is observed when a block copolymer transitions from a disordered melt to a phase
separated ordered phase, and is analogous to what has been predicted19 and observed21 for
miscible homopolymer blends. In this system the primary scattering peak, q*, occurs at
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Figure 4.6. Synchrotron SAXS profiles of Pluronic F68 blended with PAA at 70 °C.

q = 0.70, which corresponds to a center‐to‐center domain spacing of 9.0 nm. Higher order
peaks (Bragg reflections) are also observed at √2q* and √3q*, which indicate a well‐ordered
spherical morphology. Although not shown in the figure, the scattering profile for neat F68
at 70 °C is expected to resemble that of the disordered 20% blend. At this temperature,
Table 4.2. Summary of the copolymer surfactants and results obtained by SAXS at the
Brookhaven synchrotron source
Copolymer

Additive

q* (nm‐1)

d‐spacing
(nm)

Observed
Morphology

T (C)

F68

PAA (40 %)

0.701

9.0

spherical

70

P85

PAA (40 %)

0.753

8.4

lamellar

22

Brij 78

PAA (40 %)

1.072

5.9

cylindrical

70

Brij 30

PAA (40 %)

1.354

4.6

disordered

70
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both the molecular weight (4.8 kg/mol) and the interaction strength (or their product N)
should be too small for phase separation to occur.

Experimentally determined

characteristics for this and other block copolymers discussed in this section are listed in
Table 4.2. Although not shown, blends of Pluronic F88 (12 kg/mol) with PAA behaved
similarly to F68 and had two higher order reflections at √2q* and √3q*. However, due to its
larger molecular weight, F88 showed strong phase separation at only 20 wt % PAA.
A significantly lower molecular weight surfactant, Pluronic P85 (4.8 kg/mol), was
studied at 22 °C, which is below the crystallization temperature of the PEO block. The SAXS
profiles given in Figure 4.7a show that the blend is phase separated at concentration as low
as 20% PAA, as evidenced by the intense, narrow primary scattering peak. For symmetric
P85, the scattering is most likely a result of an ordered lamellar morphology. Although
phase separation is in contrast to the larger molecular weight but disordered F68‐20% PAA
blend, reducing the temperature to 22 °C resulted in a larger increase in N, enough to
offset the effect of phase mixing due to the lower molecular weight of P85. At 40% PAA, the
primary peak has a similar FWHM as the 20% sample, indicating a strongly phase separated
blend. This peak is centered at a q‐value of 0.753, corresponding to an average d‐spacing
of8.3 nm, which is slightly smaller than that observed for F68. However, a higher order peak
was observed at 2q* confirming the presence of an ordered lamellar morphology as
expected for symmetric P85. Crystallization is also present at 20% PAA as shown by the
shoulder to the primary peak at lower values of q. At 40% PAA, however, sufficient
hydrogen bonding with the PEO block exists to eliminate any noticeable contribution to the
scattering resulting from crystallization.

89

(a)

Log Intensity (offset)

40 % PAA
20 % PAA

0.4

0.6

0.8

1.0

1.2

1.4

-1

q (nm )
(b)

Figure 4.7. (a) Synchrotron SAXS profiles of P85 blended with PAA at 22 °C (ambient). (b)
Raw detector scattering images showing the beam artifacts and a very weak second order
peak at 2q*. The low‐q shoulder at 20 wt % PAA occured due to PEO crystallization.

It should be noted that artifacts exist in the azimuthal direction for all original
synchrotron scattering profiles, an example of which is shown by the primary peaks seen in
raw detector images in Figure 4.7b. These are likely the result of imperfect collimation of
the incident X‐ray beam. The artifacts complicated integration, and the profiles shown were
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integrated over relatively small angles where the artifacts were a minimum (at 0° and 180°
from the vertical). As a result, the integrated 40% blend curve in Figure 4.7a does not show
the faint higher order (2q*) reflection indicated in the raw 2D detector image due to the
insufficient q‐range available on the instrument. Instead, the second peak is only visible at
angles near 45° from the vertical, outside the range of integration. It can be seen in Figure
4.7b at the image corners.
Even lower molecular weight Pluronic surfactants are commercially available such as
F38. It is an asymmetric copolymer with a total molecular weight of 4.5 kg/mol, which is
one of the lowest available in the family of Pluronic surfactants. However, it is unclear if the
effective value of N upon blending would be sufficient to induce phase separation
considering the low interaction parameter between PEO & PPO blocks.22,

23

To further

decrease the domain spacings beyond those obtainable by the low molecular weight
Pluronic surfactants P85 and F68 (≈8‐9 nm), it is therefore advantageous to explore
surfactants with greater chemical immiscibility between their blocks (greater AB). This
would allow N to remain sufficient for phase separation at lower molecular weights.
One such example involves the use of another series of commercially‐available
materials known as Brij surfactants. These materials, which have much lower molecular
weights than Pluronic surfactants, consist of a short hydrophilic PEO chain connected to a
shorter, mostly saturated hydrocarbon chain of less than 20 carbons.

The chemical

differences between the blocks are more apparent in comparison to Pluronic copolymers
and are shown here to have significantly enhanced overall segregation ability (N) in
comparison to copolymers based off of PEO and PPO.
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SAXS data acquired at 70 °C for blends of the surfactant Brij 78 with PAA are
presented in Figure 4.8. Brij 78, an asymmetric surfactant having a molecular weight of only
1.15 kg/mol, is nearly a quarter of the molecular weight of one of the shortest chain
Pluronic surfactants, F38, while still being on the larger end of the Brij surfactants. Figure
4.8a shows that the neat surfactant is completely disordered at 70 °C, as evidenced by the
very weak correlation scattering. When PAA is added at 20 wt % with respect to the total
copolymer, the correlation scattering increases considerably, yet only a broad peak is
observed.
Upon further increasing the PAA concentration to 40 wt %, the FWHM of the
primary peak decreased considerably indicating that the Brij 78‐PAA blend had undergone
an ordering transition to form a well‐segregated block copolymer morphology. The primary
peak was centered around a value for q of 1.06, which corresponds to a d‐spacing of only
5.9 nm, or a domain size of less than 3 nm. However, in order to capture the second order
reflection at √3q* in the scattering profile, the intensity was averaged over a very small
azimuthal range centered at 45° from the vertical. This √3 peak is weakly visible at the
corners of the 2D detector image in Figure 4.8b. This was needed since much of the q‐space
of Brij 78 exceeded the range observable by the instrument configuration, excluding the
image corners. As a consequence of the integration range used, the primary peak width is
artificially broadened due to averaging the region containing collimation artifacts, and the
intensity of the secondary peak is lower than if full integration had been possible. However,
this secondary peak confirms the formation of a well‐ordered cylindrical morphology with a
narrow interfacial region.
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Figure 4.8. (a) Synchrotron SAXS profiles of Brij 78 blended with PAA at 70 °C. (b) Raw 2‐D
detector scattering images showing the weak second order scattering in image corners.
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Figure 4.9. (a) Synchrotron SAXS profile of Brij 30 blended with PAA at 70 °C. (b) Raw 2‐D
detector image.

One of the lowest molecular weight Brij surfactants, Brij 30, has only four PEO
monomer units and a total molecular weight of ≈360 g/mol. However, Figure 4.9a shows
that Brij 30 blended with 40 wt % PAA at 70 °C producers only a broad correlation peak
characteristic of a phase‐mixed surfactant. Little difference is also seen in the raw 2D
detector images for Brij 30 blended with 20% and 40% PAA. In this case, the N is too low
due to the low molecular weight.

It is unclear whether decreasing the temperature

(increasing ) to ambient conditions would be sufficient to drive ordering, or if the
substitution of another additive with more electronegative functional groups (stronger
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hydrogen bonds) than carboxylic acids would be sufficient. In either case, Brij 30 would
then be capable of d‐spacings below 5 nm resulting in microdomains on the order of only 2
nm.

4.3.3

BCP Surfactant‐Small Molecule (Molecular Glass) Blends: Phase Behavior
An end goal of the work in this chapter is to produce an understanding of the phase

behavior of block copolymer surfactants blended with hydrogen bonding additives. The key
purposes are to use this information (1) to identify thin film, block copolymer surfactant
blends for dry etch lithographic resists, and (2) to use these resists as templates for
transferring sub‐10 nm block copolymer domains and patterns into underlying substrates.
In order for an etch resist to be feasible at these size scales, it must have minimal line‐edge
roughness contributed from the polymeric additive and good reactive ion etch contrast
between the two copolymer domains in order to achieve a minimum aspect ratio.
Concerning etch contrast, it is well‐established that molecules with high aromatic
content (high % carbon atoms) and a low number of oxygen atoms in their repeat units
generally have greater resistance to argon and oxygen reactive ion etching.24, 25 Therefore it
is important to identify additives that satisfy these criteria and that are capable of inducing
phase separation due to selective hydrogen bonding, similar to what is observed with the
surfactant‐PAA blends. Figure 4.10 presents SAXS data for blends of Pluronic F108 at 80 °C
as a function of increasing poly(hydroxy styrene) (PHS) concentration. F108 is the only
Pluronic surfactant available with an ODT above ambient temperature,12 yet scattering
experiments must typically be performed above the Tm of PEO to avoid crystallization.
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Figure 4.10. SAXS profiles of Pluronic F108 blended with poly(hydroxystyrene) (PHS). Both
an order‐disorder and order‐order transition are observed as the PHS concentration is
increased.

For the neat copolymer and the polymer at very low PHS concentrations (5 wt %),
only a very weak correlation peak is observed for the disordered polymer. At 10% PHS, the
correlation scattering increases significantly, but it is not until 20% that the primary peak
width (FWHM) sees a large decrease. Like the surfactant‐PAA blends described above, this
means that the blend has undergone an ordering transition to a well‐segregated
microstructure. From the positions of the primary peak (q = 0.4818 nm‐1) and the single
higher order peak that appeared at √3q* (q = 0.8439 cm‐1), it can be easily determined that
a cylindrical morphology with a d‐spacing of 13.0 nm was observed at 20% PHS.
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At 30% PHS in F108, the appearance of another higher order reflection at √2q*
clearly shows that the linear phenolic polymer can successfully induce an order‐order
transition to a spherical morphology, which persists up to the highest concentration studied
of 40% PHS. Although selective hydrogen bonding plays a role in this transition, the
behavior is, at least to some extent, analogous to the addition of a selective solvent or
additive that causes an increase in the effective relative volume fractions (moving
horizontally on a morphology diagram). The data above shows PHS can be used to control
the phase behavior of F108 similarly to blends of the other Pluronics with PAA and to blends
of F127‐PHS reported previously.26

However, at only moderate molecular weights,

homopolymer additives such as PAA or PHS may each have a large radius of gyration (Rg) on
the order of the domain sizes for most of the surfactants discussed in this chapter. When
segments of the chains reside at the block copolymer A‐B interface, the end result can be
roughened features after the pattern transfer step.
Molecular glasses are investigated here as an alternative to the larger polymeric
additives. These small, amorphous molecules generally contain multiple hydrogen bonding
groups and aromatic rings. Due in part to their much smaller radius of gyration (≈1 nm),
they have shown promise for high‐resolution patterning.17 It is anticipated that their
benefits will carry over to block copolymer‐additive blends by enhancing ordering,
significantly improving etch contrast, and reducing the LER. The overall concept of these
systems is represented in Figure 4.11. The molecular glass‐containing systems are very
similar to blends in Figure 4.1, where the PAA in this case is replaced with a small molecule.
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Figure 4.11. Adapted schematic illustrating the blending of a small molecule molecular glass
to create an ordered block copolymer from a disordered surfactant copolymer.

One molecular glass in particular, MG2OH, and whose structure is shown in Figure
4.2, has shown promise as a negative‐tone resist material.17 Its interactions and ordering
properties have been studied using the model surfactant Pluronic F127, chosen due to its
relatively large molecular weight for the surfactants and for its ability to produce well‐
defined cylindrical microdomains. In Figure 4.12 the SAXS profiles are shown for F127
blended with increasing MG2OH concentration at 80 °C. At this temperature, the scattering
of neat F127 and its blends with MG2OH resembles that of a disordered block copolymer at
every concentration studied. This is clear from the broad correlation scattering peaks in
each profile, and most likely results due to insufficient hydrogen bonding strength at the
experimental temperature.
By reducing the temperature to 45 °C (Figure 4.13), the blend was cooled through its
order‐disorder transition temperature (ODT) for all but the highest MG2OH concentration
(40 wt %). For the samples with 20 and 30 wt % MG2OH, a sharp decrease in the FWHM of
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Figure 4.12. SAXS profiles of F127 blended with MG2OH at 80 °C.
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Figure 4.13. SAXS profiles of F127‐MG2OH blends at 45 °C compared to neat F127 at 80 °C.
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the primary peak was observed in addition to the appearance of a second order reflection at
√3q*, indicative of a well‐segregated and ordered cylindrical morphology. The first order
peak width is also related to the overall interfacial width of the domains and can be used to
qualitatively assess changes in the segregation strength within the blend. The scattering
profile at 40 wt % MG2OH suggested that in the bulk case, the blend was driven back to
disorder at higher additive concentrations as the system became overloaded with MG2OH.
The lack of phase separation in the blends at 80 °C demonstrates the strength and the
extent of hydrogen bonding for MG2OH in comparison to PAA and PHS.

Additional

scattering profiles of the copolymers blended with TMMGU, shown in Figure 4.14, suggest
that this crosslinker had a negligible effect on the segregation strength and morphology.
TMMGU, which will be discussed in more detail below and in the next chapter, is a small
molecule that is used to crosslink the MG2OH in thin films to help reduce crystallization and
overall film stability.
Finally, we show that small molecule molecular glasses, in addition to the PAA data
above, are also capable of inducing an ordering transition in one of the smallest surfactants
studied in this work, Brij 78. Synchrotron SAXS profiles for the copolymer surfactant
blended with 40 wt % of carbonyl trimellitic acid (CTMA) and 40 wt % benzene
hexacarboxylic acid (BHCA), also known as mellitic acid, are given in Figure 4.15. As with
blends containing PAA, F127 transitions from a disordered neat melt to a well‐segregated
and ordered system, driven by selective hydrogen bonding between the PEO segment of the
Brij with the carboxylic acid groups of either BHCA or CTMA. In both blends, narrow and
intense primary peaks are observed corresponding to d‐spacings of only 5.7‐6.0 nm. While
both exhibit a higher order peak at √2q* indicating a spherical morphology, the BHCA‐
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Figure 4.14. SAXS profiles for blends of F127 with the crosslinker TMMGU at 60 °C.

containing blend shows an additional, yet faint reflection at √3q*, which may be due to
simple differences in sample thicknesses and scattering intensities. It is important to note
that phase segregation was not observed in blends of Brij 78 with MG2OH. This is likely due
to two factors, i.e. the weaker hydrogen bonds from the alcohols (versus carboxylic acids)
and the lower number of hydrogen bonding groups per molecule (three for MG2OH versus
six for BHCA).
Overall, excellent control over the ordering of these blends can be obtained with
additives that are expected to enhance etch resistance. This makes the blends good
candidates for RIE pattern transfer resists enabling feature sizes on the order of only 3 nm
or less. Thin films containing BHCA, in particular, will be discussed in the next chapter.
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Figure 4.15. Synchrotron SAXS profiles for blends of Brij 78 with benzenehexacarboxylic
(BHCA) acid and carbonyltrimellitic acid (CTMA) compared to the neat surfactant. All
profiles were acquired at 60 °C.

4.3.4

BCP Surfactant‐Small Molecule Blends: Blend Stabilization
The PEO segment of the copolymer surfactants discussed, while providing the ability

for selective hydrogen bonding using donor additives, will also crystallize readily at ambient
conditions. The crystallization process results in the dissociation of favorable segment‐
additive hydrogen bonds. The formation of these PEO crystallites is capable of disrupting
the microphase separation and creating defects in an otherwise well‐ordered block
copolymer. Preventing this from occurring, or significantly reducing its degree, is therefore
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of utmost importance for these blends, particularly when these are used as templates for
lithographic pattern transfers of segregated and well‐ordered block copolymers domains.
It turns out that the PEO‐selective hydrogen bonding from the additives not only
improves the surfactant segregation strength, but it also acts to disrupt the self‐association
and crystallization of the PEO chains. Figure 4.16a, which has been reprinted from a
recently submitted article27 resulting from this work, shows the raw DSC exotherms for
blends of Pluronic F127 with increasing MG2OH content (relative to the total weight of
F127). The broadened transitions for the blends suggest supercooling may be occurring
resulting in nucleation of crystallites.28 The depressions of both the PEO melting point, Tm,
(taken as the lowest point along the transition) and the total heat of melting (∆Hm) clearly
show that MG2OH mixes well with the Pluronic’s PEO segment. At 60 wt% MG2OH, the
crystallization is completely suppressed on the experimental time scales. However, additive
concentrations of 20‐40 wt % are more common for useful films, at which crystallization still
occurs to a reasonable extent. Optical micrographs of relatively thick films of F127‐20%
MG2OH blends, given in Figure 4.17, clearly show the extensive crystal growth possible by
the blends.
Crosslinking the molecular glass with another component, TMMGU, in the presence
of an acid can further decrease the extent of crystallization at a given MG2OH
concentration. The crosslinking method was adapted from a procedure previously reported
by Dai et al.17

F127 blends containing 20 wt % MG2OH were blended with varying

concentrations of crosslinker (TMMGU) in the presence of an organic acid (pTSA). The acid
catalyzes the condensation of the methoxy groups on the TMMGU with the hydroxyl groups
of the molecular glass to form a crosslinked, insoluble network. The raw DSC exotherms
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Figure 4.16. (a) DSC of F127/MG2OH blends. (Reproduced from Ref. 26.) (b) DSC of
F127/20% MG2OH blends crosslinked with varying amounts of TMMGU.
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Figure 4.17. Optical micrographs of relatively thick, uncrosslinked blends of (a) F127‐20 wt
% MG2OH and (b) F87‐20 wt % MG2OH taken at 20x and 50x, respectively.

obtained for these blends are given in Figure 4.16b. Overall, these exotherms showed that
crosslinking the additives significantly reduced the degree of crystallinity in the blends. This
behavior was quantitatively illustrated in Figure 4.18, where Hm for PEO is plotted as a
function of the crosslinker content. Interestingly, Hm appears constant until 5 wt %TMMGU
loading, after which additional loading caused a sharp decrease in the enthalpy of melting.
This behavior correlated with the formation of a crosslinked network; the increase in the
molecular weight of the crosslinked MG2OH network (and the resulting chain
entanglements) resulted in further reductions of both chain mobility and packing efficiency
of the PEO chains. Even at 12 wt % TMMGU, however, the tendency for the blend to
crystallize was reduced dramatically but not completely eliminated. Therefore in the case of
the crosslinked films, we hypothesize that slower, dendritic PEO crystal growth may be
favored over spherulite formation.
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Figure 4.18. PEO enthalpy of melting, Hm, as a function of the TMMGU crosslinker content
as obtained by integrating each transition curve in Figure 4.16b.

4.4

Conclusions
The phase behavior of several low molecular weight, block copolymer surfactants

was studied both as a function of type and concentration of a hydrogen bond‐donating
additive. Several conclusions can be drawn from this work. First, Pluronic surfactants based
on PEO can be blended with additives capable of hydrogen bonding to the ether oxygen
atoms in the backbone. FT‐IR showed that for Pluronic surfactants, which contain both PEO
and PPO blocks, PAA predominantly hydrogen bonds with the PEO segment. This selective
hydrogen bonding is what dramatically increases the copolymers “effective” N resulting in
ordered block copolymer morphologies from materials that are otherwise disordered, or
phase‐mixed melts. This behavior was observed for a range of copolymers including several
Pluronic surfactants and similar, lower molecular weight Brij surfactants, which
encompasses a d‐spacing range from 13 nm to as low as 6 nm.
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Additional results demonstrated that this behavior extends to small molecule
molecular glass additives, which are to be useful for increasing the etch resistance and
decreasing the line edge roughness of lithographically transferred patterns. For blends of
F127 + MG2OH and Brij 78 + BHCA (or CTMA), well‐ordered melts with strong phase
separation were developed. These materials make excellent candidates for thin‐film, block
copolymer pattern transfer resists, which are discussed in the next chapter. Stabilization of
the films against crystallization is also important for a useful resist. Although the hydrogen
bonding suppresses PEO crystallite formation, it was shown by DSC that the crystallization of
the simple F127‐MG2OH blend can be further reduced by crosslinking the molecular glass
with another small molecule, TMMGU. The formation of a crosslinked network helped
reduce PEO crystallinity by decreasing chain mobility throughout the majority (blended)
phase.
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CHAPTER 5
BLOCK COPOLYMER SURFACTANTS AS THIN FILMS ETCH RESISTS: PHASE BEHAVIOR &
PATTERN TRANSFER

5.1

Introduction
Although the semiconductor industry has made tremendous strides1 towards in

shrinking minimum patternable critical dimensions (CD) by conventional photolithography,
the capital investments and remaining technological challenges are staggering.

Block

copolymers, while not necessarily the final solution to all of these challenges, do have very
attractive characteristics and capabilities of interest to microelectronics industry and many
others as well where patterning is seen as one of the biggest hurdles. Foremost is their
ability as thin films to self‐assemble into various ordered and periodic, nanoscale domains
with macroscopic or long‐range orientation. Their critical domain widths can range from
tens of nanometers to less than 5 nm. One could therefore visualize these materials as
templates used to manufacture devices with remarkable pattern densities2 for such
applications as high density storage media. While not currently at the needed level of
maturity for mainstream integrated circuits, significant research efforts have focused on
incorporating self‐assembled block copolymers into IC manufacturing, and a solid scientific
foundation exists for addressing many of the challenges.3‐5
Alternatives to conventional patterning currently in active research and
development include e‐beam, extreme UV (EUV), and nanoimprint lithography.

Block

copolymer lithography, in which thin, ordered block copolymer films are used as sacrificial
etch resists (or templates), is another method for producing periodic block copolymer‐scale
patterns (e.g. below 30 nm) in arbitrary substrates. In such a case, the ordered block
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polymer is applied only 1‐2 domains thick on a substrate and subsequently etched in order
to transfer the film’s self‐assembled structure to the material below. Plasma etching is most
commonly used due to its controllability and anisotropic nature (very limited lateral
etching). Examples of block copolymer pattern transfer resists have been very widely
reported in the literature using block copolymers for several substrates, resist chemistries,
copolymer morphologies, and plasma etch conditions.6‐12 However, the critical feature
width of the replicated structures is typically 15 nm or greater as reported.

Block

copolymers are capable of feature sizes well below 15 nm, and the work in this chapter will
therefore focus on developing etch resists and replicated patterns a factor of two to three
times smaller than currently reported.
Etch contrast is one of the most important requirements for an effective block
copolymer etch resist. This includes not only the relative etch rates between the resist and
the substrate, but also the relative etch rates between the two ordered block copolymer
domains. Contrast fundamentally dictates the expected aspect ratios of the transferred
patterns, where poor contrast could result in no pattern being transferred at all. With
conventional photolithographic resists, such as those used in modern IC manufacturing,
either the exposed or unexposed region is completely removed while the other remains
intact as the mask. In this case, only the contrast between the substrate and resist becomes
the dominant factor in determining the maximum obtainable aspect ratio. For an ordered
block copolymer resist, the domain sizes can be quite small compared to patterns typically
created in photolithographic resists, so increasing both contrast types becomes only more
important if reasonable aspect ratios are to be expected.
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Contrast can be achieved or increased by choosing the block copolymer chemistry
so that one phase can be selectively removed. Several methods of selective removal include
ozonation and breakdown of an unsaturated backbone, 6, 13 UV degradation and removal,5, 7
or plasma ashing of one phase in which the other is highly resistant to the plasma.14
Breakdown by ozonation has been shown to be very effective yet simple for copolymers
containing either polyisoprene or polybutadiene blocks and consisting of an additional block
that is unreactive in ozone.

Block copolymers based on polystyrene and

polydimethylsiloxane (PDMS) can also be effectively ashed in oxygen plasmas to leave
behind the ordered PDMS domain, which can then itself be used as a template. An
alternative to using organosilicate block copolymers involves using the selective reaction of
an organosilicate precursor in the PEO domain of a PS‐b‐PEO copolymer (after subsequent
ashing) to produce a template resembling the PDMS example above.11 Depending on the
block copolymer structure and chemistry used, a wide range of plasma chemistries and
conditions can also be used for removal of one block from a completely organic block
copolymer by maximizing etch rate contrast between the copolymer domains. Ting et al.
characterized the selective removal of the PMMA domain in a PS‐b‐PMMA diblock
copolymer by tuning etch contrast with argon, oxygen, and/or fluorine‐based plasmas.15
An alternative to selectively removing one block is to fortify one phase by adding a
highly etch resistant molecule selectively to that domain.

Particular examples in the

literature successfully used osmium or ruthenium staining of a polyisoprene or polystyrene
copolymer block.13, 16, 17 Staining made the etch resistance of the stained block greater than
the unstained phase and its selective removal before the etching step unnecessary to create
contrast. Metals would be an excellent choice overall due to their high plasma etch
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resistance, but their method of delivery, and especially the selectivity for one phase, is not
always simple or even possible.
For Pluronic surfactants, the chemical similarity between the PEO and PPO blocks
makes selective removal of one block difficult, requiring alternative synthetic approaches
such as that reported for a photocleavable PS‐b‐PEO derivative.18 PEO alone also has very
poor plasma etch resistance, meaning resist‐substrate contrast would be insufficient.
Instead, the knowledge of the additive‐driven, hydrogen bonded assemblies discussed in
Chapter 4 can be extended to block copolymer etch resists. In addition to selecting an
additive based on its ability to increase a copolymer surfactant’s segregation strength,
additives with favorable etch behavior can be chosen so that they also decrease the etch
rate of the particular phase into which they are blended. The remainder of this chapter will
discuss copolymer surfactant‐molecular glass systems presented in Chapter 4 as they apply
to nanolithographic etch resists.

5.2

Experimental

5.2.1

Sample Preparation and Materials
To measure the crosslinking sensitivity, films of various thicknesses and various

TMMGU (tetramethoxymethyl glycoluril) concentrations were prepared from solutions of
F127, 20 wt % MG2OH, and 5 wt % p‐toluenesulfonic acid (pTSA) in a 50:50 (wt:wt) mixture
of ethanol and ethyl acetate. The wt % of the acid and TMMGU is based off the total solids
weight of F127 and MG2OH. Both TMMGU & MG2OH were obtained from TCI America and
used as received. There chemical structures are shown in Figure 5.1. Films were made by
spin coating 0.5 – 2 wt % solutions at 5000 rpm, followed by crosslinking on a digitally‐
controlled hotplate at 80 to 115 °C for 5 min. 8 in. prime grade silicon wafers (Wafernet,
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Inc.) were used for all films in this chapter (excluding pattern transfers) after cutting into 1
in.  1 in. pieces and clean before use by rinsing in acetone and isopropyl alcohol. The
extent of crosslinking was then tested by washing and then soaking the films in their
spinning solvent mixture for 10 min, followed by drying under a stream of nitrogen.
Thickness measurements were made using a SOPRA GES‐5 spectroscopic ellipsometry.

Figure 5.1. Chemical structures of the molecular glass additive MG2OH and the crosslinker
TMMGU.

For all F127 blends containing either MG2OH or PAA (2 kg/mol, Aldrich), the
materials were dissolved in 50:50 blends of ethanol and ethyl acetate (by volume) and spin‐
coated at 5000 rpm for 30 seconds. The MG2OH blends contained 12 wt % TMMGU and 5
wt % pTSA (each based off of the total weight of F127 and MG2OH) and were subsequently
heated to 80 °C on a hotplate for 5 min in order to crosslink MG2OH with TMMGU. To
obtain single domain‐thick F127 films for AFM analysis, solutions of Pluronic F127 with 20
and 30 wt % MG2OH were spun from 0.5 wt % solutions, whereas the 40% MG2OH sample
was prepared from a 0.6 wt % solution and spin‐coated at 1500 rpm.

114

Polymer and small molecule films used in the etch rate measurements were
prepared by spin coating concentrated solutions (3‐5 wt %) of the pure additive or
homopolymer onto bare silicon wafers. Solvents were all identical to those used above for
the samples imaged by AFM, except that the OAAPOSS sample was spun from a
concentrated solution of dimethylformamide (DMF; Aldrich). OAAPOSS, an octa maleamic
acid derivative of polyoligosilsequioxane, was obtained from Hybrid Plastics, Inc. and used
as received. The thick SiO2 and Si3N4 films used for etch rate pattern transfers and etch rate
measurements were obtained by thermal oxide growth and PECVD, respectively. These
substrates were obtained commercially and used as received.

5.2.2

Reactive Ion Etching and Pattern Transfer
Measurements of the etch rates of the individual additives MG2OH, PHS (11.5

kg/mol, Aldrich), OAAPOSS, in addition to the PPO (3.5 kg/mol; Aldrich) and blends of PEO
(20 kg/mol; Acros) and MG2OH were performed in a cleanroom on a laboratory‐scale
reactive ion etcher (Trion Technology) capable of both capacitively coupled plasmas and
inductively coupled plasma (ICP). An ICP etch was used to obtain higher etch rates with a
relatively low RF generator power (due to the higher ion density). For the pure additive and
PEO etching, the ICP parameters included an RF power of 85 W, a reactor pressure of 25
mTorr, and an etchant gas flow rate of 15:10 sccm CF4:O2. For the PPO and crosslinked PEO‐
MG2OH blends, ICP parameters were increased slightly to an RF power of 100 W, a 50
mTorr reactor pressure, and a flow rate of 15:5 sccm CF4:O2. The last of the etch rate data,
which included the SiO2 and Si3N4 measurements in addition to crosslinked PEO‐20% and
PEO‐40% blends, were performed on an Advanced Vacuum RIE in a cleanroom at the Center
for Hierarchical Manufacturing (Univ. of Massachusetts Amherst). The parameters included
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100, 150, and 200 W RF power (capacitively coupled), 5 mTorr chamber pressure, and a gas
flow rate of 10 sccm CF4. A DC self‐bias of ≈290 V developed at the cathode during the
etching process.

Figure 5.2. Schematic of the plasma etch pattern transfer process using a single layer block
copolymer surfactant resist blend.

The pattern transfers into SiO2 were performed on the same Advanced Vacuum
etcher at an RF power of 150 W, 5 mTorr chamber pressure, and 10 sccm CF4 etchant flow
rate (CF4 only). A DC self‐bias of ≈290 V developed at the cathode during operation. A
schematic of the complete pattern transfer process is given in Figure 5.2. Overall, the steps
include the film deposition by spin coating the resist at 5000 rpm, baking for 5 min at 80 °C
to crosslink the film, and followed by etching to transfer the pattern using the above
conditions. Etching was performed over various etch durations (10 – 90 seconds) and on
identical samples divided from one larger wafer. Each sample (each representing one etch
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time), was then tested for the presence of remaining resist by ellipsometry to determine the
optimal etch time. For these films on smooth, thick SiO2, a simple visual inspection can
easily reveal remaining polymer of only several nanometers by rubbing the wafer surface
observing a small color change.

5.2.3

Characterization
Film thickness measurements for the etch rate data were performed on a Filmetrics

F20 series white light interferometer, and spectra were fit to a wavelength of approximately
500‐1000 nm. Block copolymer monodomain‐thick films were studied by ellipsometry using
the same GES‐5 spectroscopic ellipsometer mentioned above, and the spectra were fit over
a wavelength range of 400‐800 nm using a Cauchy dispersion relationship to extract the film
thicknesses. AFM imaging of the copolymer surfactant resist films and patterned oxides was
performed on a Dimension 3100 scanning force microscope (Digital Instruments) operating
in tapping mode. NanoWorld TESP cantilever tips were used during operation (spring
constant = 42 N/m, frequency = 300 kHz, tip radius < 10 nm). For imaging of the SiO2, low
frequency probes (75 kHz) with a much lower spring constant were used to prevent rapid tip
damage by the substrate. Image noise and contrast were similar with the lower frequency
tips, but their longevity was often much greater. All AFM images were then processed using
the Gwyddion open source software package.

5.3

Results
This chapter will discuss blends similar to those presented in Chapter 4, building off

of this work but also focusing on their behavior when cast as films with thicknesses equal to
only a single block copolymer domain spacing. First, the stability of these thin‐film blends as
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it pertains to crosslinking, solvent resistance, and crystallization will be discussed for film
thicknesses of 100 nm down to 15 nm. The phase behavior of single‐domain films of F127
and MG2OH will then be presented, followed by demonstration of ordered thin films of Brij
78 with another molecular glass imaged using AFM. The etch properties and etch rates of
these films in fluorine plasmas will then be discussed with a focus on the requirements of a
successful block copolymer pattern transfer resist. Finally, this chapter will conclude with a
presentation of successful transfers of block copolymer features as small as 6‐7 nm into the
underlying SiO2.

5.3.1

Crosslinking and Stability within F127‐MG2OH Films
In Chapter 4, the stability of the Pluronic blends was discussed with regards to

crystallization of the PEO segment within bulk blends. The reduce crystallinity, an additional
small molecule crosslinker was added to the blend, which reacted with the MG2OH to form
a crosslinked continuous phase. Although the PEO itself, was not crosslinked, its mobility
and crystal packing was suppressed causing a reduction in the total heats of melting. In
order for a thin film to be useful as a lithographic etch resist, its structure must first (a) be
stable over the timescales experienced by the deposition and etching processes, (b) the film
must be deposited as single morphological layer having a thickness of approximately one d‐
spacing, and (c) the copolymer domains must have sufficient etch rate contrast in order to
obtain reasonable aspect ratios.
Ellipsometry was used in order to verify a single layer of the phase separated block
copolymer, corresponding to a thickness of approximately 15 nm for Pluronic F127. At this
small film thickness, the growth rate of PEO crystallites slowed markedly, possibly due to the
reduction of PEO chain diffusion and confinement effects at the interface.19 The majority‐
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phase additives of the single‐domain layer films were immediately crosslinked after spin‐
coating using a reaction scheme similar to the bulk samples discussed in Chapter 4, and no
crystallites were observed over the timescales studied by optical microscopy and AFM.

Figure 5.3. a) Sensitivity curves of F127/20% MG2OH blends with increasing TMMGU
crosslinker concentration used to determine the onset of crosslinking and network
formation at 115 °C as shown before () and after () solvent rinsing. (b) Crosslinking
effectiveness from a single domain thickness up to 100 nm for blends of F127/20% MG2OH
(+ 12% TMMGU), also before () and after () solvent rinsing.

Crosslinking and network formation of the films was evaluated in by measuring film
thicknesses before and after development in the same solvent used for spin‐coating. Figure
5.3a shows the crosslinking sensitivity as a function of the TMMGU content for ≈ 100 nm‐
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thick films crosslinked at 115 °C in the presence of 5 wt % pTSA. Above ≈ 7‐8 wt % TMMGU,
the film survived development with only a moderate loss in the overall film thickness. This
loss is likely due to the dissolution of the PEO domain, which did not participate in network
formation. It is important to note that the network formation shown here also corresponds
to the sharp decrease in the heats of melting, Hm, obtained by DSC and presented in
Chapter 4 for the crosslinked bulk materials.

This supports the hypothesis that the

reduction in crystallization is a direct result of decreased PEO‐phase mobility. In Figure 5.3b,
sufficient crosslinking was shown to occur over a wide range of thicknesses and down to ≈
15 nm, corresponding to a single domain layer of the block copolymer template.
The crosslinking sensitivity was also studied at 80 °C, and the results are shown in
Figure 5.4a. At this temperature, the crosslinking behavior is nearly identical to that at 115
°C. However, due to the presence of ODT below 80 °C for the F127‐MG2OH blends as
shown by SAXS (discussed in Chapter 4), it is desirable to choose a temperature high enough
for a reasonable reaction rate while also above the melting temperature of PEO.
Interestingly, and despite an ODT temperature below 80 °C, the heating of these films to 80‐
115 °C during the crosslinking procedure did not affect the self‐assembled morphology. An
example is presented in Figure 5.4b, which shows an AFM image a well‐segregated,
cylindrical morphology resulting from a 90 nm‐thick blend of F127 + 20 wt % MG2OH
crosslinked at 80 °C. It is important to note that each crosslinking event resulted in the loss
of an available hydrogen bonding group on the molecular glass, which should decrease the
miscibility of the MG2OH in the PEO matrix. However, as the film was heated there were
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Figure 5.4. F127‐20 wt % MG2OH blends crosslinked with TMMGU. (a) Remaining film
thickness as a function of TMMGU concentration after soaking in a 50:50 ethanol:ethyl
acetate blend. (b) 1 m  1 m AFM phase image of a blend containing 8 wt % TMMGU and
baked at 80 °C. The film thickness is 95 nm.
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two competing effects: i) the rate of crosslinking of the MG2OH within the PEO domain to
preserve the self‐assembled structure, and ii) the disordering of the system at temperatures
above its ODT. In this case, the crosslinking occurred first, stabilizing the morphology
without any significant loss of structure.

5.3.2

Phase Behavior of Thin and Single Domain‐Thick Resist Blends
Identifying the solution and deposition parameters was an important first step

towards consistently obtaining films of only a single block copolymer domain spacing. This
was accomplished simply by spin coating films of the F127‐20 wt % MG2OH blend at various
solution concentrations and varying the concentration in increments of 0.1 wt %. At such
small thicknesses and d‐spacings, measuring the film thickness by ellipsometry alone is
insufficient. This is due to the formation of ordered, but terraced block copolymer films
when the film is deposited at a thickness that is incommensurate with its d‐spacing, i.e. not
an even multiple of d. Figure 5.5 presents AFM images of these blends spun at 5000 rpm
from solutions of 0.2, 0.3, 0.4, and 0.5 wt % in an ethanol‐ethyl acetate blend. In Figure
5.5a, “islands” or the ordered blend are formed, surrounded by either disordered block
copolymer surfactant or bare substrate. A small increase to 0.3% then results in films that
are beginning to form a continuous phase of the ordered polymer, but which still have a
significant area of disordered copolymer. Increasing again to only 0.4 or 0.5% finally results
in a single domain‐thick, ordered film, which to the best of our knowledge has shown to be
continuous on the wafer scale with no evidence of terrace formation (thickness = 2d). Using
spectroscopic ellipsometry, the continuous films had measured thicknesses approximately
equal the repeat unit of F127 (13‐15 nm).
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Figure 5.5. AFM phase images of F127‐20 wt % MG2OH blends spin‐coated from (a) 0.2, (b)
0.3, (c) 0.4, and (d) 0.5 wt % solutions. All images are 1 m  1 m.

AFM was then used to view the self‐assembly of the F127‐MG2OH blend films after
spin coating a ≈14 nm‐thick film and crosslinking as demonstrated in the section above.
Here, the PPO minority phase of the copolymer is represented by the darker regions in the
phase image, whereas the matrix phase (PEO + crosslinked MG2OH) appeared lighter. The
single‐layer films showed an average PPO domain size of 6–7 nm as measured by a line scan
through the AFM image. For the films containing 20 wt % MG2OH, a well‐segregated,
cylindrical morphology was observed. The cylinders were oriented randomly within the

123

Figure 5.6. AFM phase images for single domain‐layer films of F127 blended with (a) 20 wt
% MG2OH (+ 12 wt % TMMGU), (b) 30% MG2OH (+ 18% TMMGU), (c) 40% MG2OH (+ 24%
TMMGU). The images clearly show the transition from parallel cylinders to a spherical
morphology, where (b) appears to show the mixed morphology. The insets are the Fourier
transforms calculated from the real space image. All images are 1 m  1 m.

plane for the morphology shown in Figure 5.6b. By further increasing the molecular glass
content to 40 wt %, these thin films were driven through an order‐order transition (OOT)
towards an entirely spherical morphology as illustrated in Figure 5.6c.

Above these

concentrations, disordered, featureless films were observed. This ability to drive phase
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transitions in various Pluronic surfactants is analogous to the use of selective, homopolymer
additives instead of small molecules to control copolymer surfactant morphology.20, 21
As a lithographic etch resist, higher additive concentrations are advantageous in
that the increased MG2OH content may improve the durability of the PEO phase under
reactive ion etching plasmas, thereby increasing the etch contrast of the PEO/MG2OH phase
relative to the PPO domain.

This contrast is a crucial parameter in determining the

maximum obtainable aspect ratios of the transferred patterns. It can be hypothesized that
such a system as described above may have a greater etch contrast compared to the more
asymmetric Pluronic F108, which should ideally require lower additive loadings to obtain the
same spherical morphology.
Although blends of F127 provide a model system to study the film phase behavior,
their ordered domains reside at the larger end of the spectrum for commercially‐available
surfactants, including Pluronic surfactants. Although their cylindrical domain sizes are only
6‐7 nm, the work in Chapter 4 has clearly shown that these feature sizes can be further
reduced while maintaining good segregation in bulk blends. Surfactants such as Pluronic
F68 are capable of reducing the domains to below 5 nm, while Brij 78 can produce domains
slightly smaller than 3 nm.
Although ordered morphologies from Brij surfactants have been replicated in
mesoporous silicas,22,

23

until now this has not been accomplished using small molecule,

hydrogen bonding molecules for thin films. Figure 5.7 presents AFM images of a Brij 78 thin
film (< 100 nm) blended with 30 wt % benzene hexacarboxylic acid (BHCA) and crosslinked
with 12% TMMGU. Similarly to the SAXS data in Chapter 4 for the bulk Brij 78‐PAA blends,
the Brij 78 blend film here forms a well‐segregated, cylindrical morphology with the
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Figure 5.7. AFM phase images of a blend of Brij 78 with 30 wt % BHCA spun from a 2%
solution and crosslinked with 12 wt % TMMGU at 80 °C. Both images were acquired from
the same sample, yet (b) was acquired at a smaller scale (0.6  0.6 m) to show greater
detail. The parallel cylindrical structure is clearly visible at both scales.

cylinders lying parallel to the substrate.

It is expected that increasing the blend

concentration to 40% BHCA would produce films with a spherical morphology, as seen for
the bulk samples shown by SAXS in Chapter 4. Both images are of the same sample at
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different scales to show the details of the small domains. Overall, the blend makes a good
candidate for a block copolymer pattern transfer resist. However, imaging the replicated
patterns at these length scales is a significant challenge.
Up to this point, it has been shown that several block copolymer surfactants, some
of them in the bulk, are capable of forming well‐segregated blends using multiple additives.
Although PAA makes a good additive choice for studying the phase behavior of blends, it
adds little to the overall etch contrast between the block copolymer phases. Nevertheless,
PAA, like MG2OH and other highly functional molecular glasses, is capable of producing
phase‐separated thin films when blended with surfactants such as F127 as shown in Figure
5.8a. This image represents a film with a thickness of approximately 1d. Although the
contrast between phases is poor, the polymer can be observed stepping from what is most
likely a single domain layer to a thickness of 2d. Just like with the bulk F108‐PHS blends, PHS
can also drive phase separation in BCP surfactant films in addition to PAA, MG2OH, and
other molecular glasses. This is demonstrated in Figure 5.8b for a blend containing 30 wt %
PHS crosslinked with 12% TMMGU. Although not as ideal as the molecular glasses due to its
larger molecular size and possibly larger contribution to pattern edge roughness, PHS is still
expected to exhibit excellent etch resistance properties that may make it suitable for larger
copolymers.
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Figure 5.8. AFM phase images of an (a) F127‐30 wt % PAA blend (uncrosslinked) and (b)
F127‐30 wt % poly(hydroxystyrene) (PHS) blend crosslinked with 12% TMMGU at 115 °C.
Sample (a) represents a terraced film of 1‐2 domain spacings, whereas sample (b) is ≈ 100‐
150 nm thick.

5.3.3

RIE Behavior of Blend Components: Increasing Contrast through Blending
In this work, molecular glasses containing one or more phenyl groups and multiple

hydroxyl or carboxylic acid groups per molecule are of primary importance to the block
copolymer resists. MG2OH is of particular interest to this study as a model additive and will
be the focus of the remaining blend and pattern transfer work.
The reactive ion etch characteristics of organic polymers have been demonstrated
to be inversely proportional to its carbon and oxygen atom content in the repeat unit, which
appears to be valid for ion bombardment conditions, or sputtering.24 This is due to the low
relative sputtering yield for carbon. The paper describes an empirical relationship that has
become known as the “Ohnishi Parameter,” which states that the etch rate, V, is inversely
proportional to the carbon content per unit volume and given by

V 

N
Nc  No
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(5.1)

where N is the total number of atoms in the polymer repeat unit, and Nc and No are the total
number of carbon and oxygen atoms in the repeat unit, respectively.
Kunz et al. have defined a similar empirical relationship describing the etch behavior
of molecules containing rings.25 Known as the “ring parameter,” this relationship is defined
as

R

Mc
Mp

(5.2)

where Mc and Mp represent the mass of the carbon atoms in aromatic rings and the total
mass of the polymer, respectively.

This parameter states that as R increases and

approaches unity, the etch resistance also increases. As an example, the highly etch
resistant linear polymer, PHS, has R=0.75, whereas the highly aromatic MG2OH has R=0.83.
These values are compared to that of PMMA, a low etch resistance polymer, which has
R=0.0. It has been shown that aliphatic polymers etch twice as fast as aromatic ones.26 It
has been proposed that halogen etchants add to the double bonds in aromatic rings first,
and the resulting halogenated ring is then less reactive than aliphatic compounds.27 For the
purpose of this work, a lower Ohnishi parameter and higher ring parameter are favorable
and are expected to result in greater overall etch resistance.
The etch behavior of three additives (MG2OH, OAA‐POSS, and PHS) are compared to
that for neat PEO homopolymer in Figure 5.9. Each polymer was spun as a thick film and
etched under an 85 W inductively coupled plasma (ICP) using a mixture of CF4 and O2 gases
at flow rates of 15 and 10 sccm, respectively. Although an ICP would not be used for
pattern transfer due to its isotropic nature, it is useful in this case to produce high density
plasmas (higher etch rates) at low plasma energies and where directionality is unimportant.
The thicknesses of each film was then measured at various etch times. The resulting etch
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Figure 5.9. Etch behavior of neat PEO compared to various hydrogen bonded additives.
Etching was performed under an inductively coupled plasma with an RF power of 85 W, a
chamber pressure of 25 mTorr, and gas flow rates of 15:10 sccm CF4:O2. As expected, the
additives have significantly greater etch resistance versus PEO.

depth was plotted as a function of etch time. The data clearly shows the disparity in the
etch rates, or resistances, between neat PEO and aromatic (PHS and MG2OH) or
organosilicate (OAAPOSS) molecules. The PEO homopolymer, which is chemically identical
to the majority blocks of the Pluronic and Brij surfactants in this work, etches at a rate
nearly three times that of the additives, where the rates between the additives are nearly
identical for the specific plasma used.
From these results, it is logical to suggest that blends of surfactant PEO segments
with additives such as MG2OH, in particular, should significantly enhance the contrast
between the PEO and PPO (Pluronics) and between PEO and the short alkane chains (Brij
surfactants). Figure 5.10, which illustrates this point exactly, shows etch data for the PEO
homopolymer in Figure 5.9 loaded with increasing concentrations of MG2OH and
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Figure 5.10. Etch behavior of neat PPO compared to that of PEO homopolymer blended
with increasing concentrations of the molecular glass MG2OH. Etching was performed
under an inductively coupled plasma with an RF power of 100 W, a chamber pressure of 50
mTorr, and gas flow rates of 15:5 sccm CF4:O2.

crosslinked with 12 wt % TMMGU. Compared to the neat PPO shown in Figure 5.10, which
also has low etch resistance and poor contrast similar to PEO, the PEO‐MG2OH blends show
greater etch resistance to a 100 W CF4‐O2 plasma. As expected, the etch rate also decreased
linearly with increasing MG2OH concentration. At only 20 wt % MG2OH, the etch rate is
only approximately 65% that of the neat PPO. At 40% MG2OH, this rate has effectively
decreased to less than 50% of the PPO homopolymer. This is related to work in the
literature, which has suggested28 and has also shown that this works well for mixtures of
anthracene29 in PMMA and other aromatic derivatives30 with a methacrylate‐based
commercial resist.
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Figure 5.11. Etch behavior of a silicon nitride (Si3N4) film at various RF power. Etching was
performed under a capacitively coupled plasma with a chamber pressure of only 5 mTorr
and a gas flow rate of 10 sccm CF4.

The contrast between the resist and the underlying substrate is also a crucial
parameter in determining the effectiveness of a BCP etch resist. Even when optimal etch
contrast exists between block copolymer phases, a resist is ineffective if its contrast is not
on the order of or greater than the substrate onto which it is deposited. Silicon nitride
(Si3N4) is a common etch layer due to its popularity in electronics manufacturing and its
reasonable etch rate under fluorine plasmas.31 Figure 5.11 presents etch data for Si3N4 films
grown by PECVD and etched under a capacitively coupled CF4 plasma at 5 mTorr and at
varying plasma energies, These are more realistic conditions for pattern transfer than the
results reported for the etch rates above. The etch rates in these experiments vary from
only 20 nm/min to approximately 30 nm/min using powers of 100‐200 W.
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Figure 5.12. Etch behavior of a thermally‐grown silicon dioxide (SiO2) film at various RF
power. Etching was performed under a capacitively coupled plasma with a 5 mTorr
chamber pressure and a gas flow rate of 10 sccm CF4.

Despite its favorable (higher) etch rates, the inherent roughness of PECVD nitride
films, however, can make pattern transfers difficult when on the size scales of the block
copolymer surfactant domains (2‐7 nm). For the nitride films used in this work, the RMS
roughness was significantly greater than 1 nm, or over an order of magnitude greater than a
high quality, thermally‐grown SiO2 film. For this reason, the etch rates of a thermal SiO2 was
also studied as an etch underlayer for the surfactant resists. Using the same reactive ion
etch conditions as Figure 5.11 (which are identical the pattern transfer conditions below),
the etch behavior of a 500 nm thermal oxide is given in Figure 5.12. Like the data for Si3N4,
the etch rates of SiO2 are linear with time and increase with increasing power. However, the
etch rates vary from about 10‐20 nm/min for RF powers of 100‐200 W, which are acceptable
for most block copolymer resists.
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Finally, the etch data at an RF power of 150 W for Si3N4 and SiO2 discussed above
are compared in Figure 5.13 to the data for blends of PEO homopolymer with 20 and 40 wt
% MG2OH at the same conditions. This data for the PEO homopolymer‐MG2OH gives
approximate values for the etch selectivities anticipated for the Pluronic surfactant‐MG2OH
blends compared to each substrate. However, it is important to note that the percent
additive loading in the Pluronic blends does not take into account the PPO content.

PEO + 20% MG2OH
PEO + 40% MG2OH
MG2OH (neat)
Si3N4

Etch Depth (nm)

50
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30
20
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0
0

20
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60

80 100 120

Etch Time (s)
Figure 5.13. Etch data from Figure 5.11 and Figure 5.12 above for SiO2 and Si3N4 compared
to that of PEO homopolymer blended with 20 and 40 wt % of the molecular glass MG2OH
(crosslinked using TMMGU) at an RF power of 150 W. Etching was performed under a
capacitively coupled plasma with a 5 mTorr chamber pressure and a gas flow rate of 10 sccm
CF4.

Therefore, the blends in this figure for the homopolymer blends should represent higher‐
than‐expected (less favorable) etch rates for the PEO‐MG2OH phase in the Pluronic resists
given equivalent wt % loadings. In other words, the true wt % of the additive in the
surfactant’s PEO phase will be higher due to selective segregation (concentration) of the
additive. Overall, the etch
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Table 5.1. Table containing all etch conditions and etch rate data for PEO‐MG2OH blends,
SiO2, Si3N4, and pure additives. The RIE samples were the same (or similar) conditions used
in the actual pattern transfer experiments.
Chamber
Pressure
(mTorr)
50 mTorr
50 mTorr
50 mTorr
50 mTorr
50 mTorr

Etch Gas Flow Rate
(sccm)

Etch Rate
(nm/min)

PPO (neat)
PEO + 20 % MG2OH
PEO + 30 % MG2OH
PEO + 40 % MG2OH
PEO + 50 % MG2OH

Etch
Power
(W)
100 W ICP
100 W ICP
100 W ICP
100 W ICP
100 W ICP

15‐5 CF4‐O2 (25 % O2)
15‐5 CF4‐O2 (25 % O2)
15‐5 CF4‐O2 (25 % O2)
15‐5 CF4‐O2 (25 % O2)
15‐5 CF4‐O2 (25 % O2)

180
132
120
102
84

Thermal SiO2
Thermal SiO2
Thermal SiO2

100 W RIE
150 W RIE
200 W RIE

5 mTorr
5 mTorr
5 mTorr

10 CF4 (100 % CF4)
10 CF4 (100 % CF4)
10 CF4 (100 % CF4)

19
15
10

Si3N4 (PECVD)
Si3N4 (PECVD)
Si3N4 (PECVD)

100 W RIE
150 W RIE
200 W RIE

5 mTorr
5 mTorr
5 mTorr

10 CF4 (100 % CF4)
10 CF4 (100 % CF4)
10 CF4 (100 % CF4)

28
25
18

PEO + 20 % MG2OH
PEO + 40 % MG2OH
MG2OH

150 W RIE
150 W RIE
150 W RIE

5 mTorr
5 mTorr
5 mTorr

10 CF4 (100 % CF4)
10 CF4 (100 % CF4)
10 CF4 (100 % CF4)

26
20
11

PEO
MG2OH
poly(hydroxystyrene)
OAAPOSS

85 W ICP
85 W ICP
85 W ICP
85 W ICP

25 mTorr
25 mTorr
25 mTorr
25 mTorr

15/10 CF4/O2 (40 % O2)
15/10 CF4/O2 (40 % O2)
15/10 CF4/O2 (40 % O2)
15/10 CF4/O2 (40 % O2)

192
66
72
72

Material

rate for the Si3N4 is nearly 1:1 compared to the 40% blend. The etch rates of the SiO2 and
the 20% MG2OH blend are approximately 15 and 30 nm/min, respectively, indicating a
maximum aspect ratio obtainable of 0.5. However, because the blends are not corrected for
the PPO block fraction, the etch contrast between the two likely represents lower than
expected values. Table 5.1 shows a compilation of the etch rates for all systems plotted
above. The values were calculated from the linear best‐fits of the etch depth data.
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5.3.4

Pattern Transfer using F127‐MG2OH Resist Blends
An end goal of the bulk phase behavior in Chapter 4 and the thin film phase and

etch behavior presented in this chapter was to develop surfactant resists to be used as
nanolithographic etch resists. More specifically, these blends were to extend the state of
the art pattern transfer literature to patterned features well below 10 nm. The preceding
work has outlined in detail not only systems capable of forming the desired ordered
morphologies (sufficient phase segregation), but also blends with the necessary etch
contrast between the segregated block copolymer phases and between the underlying etch
layer. This section discusses the successful pattern transfer of 6‐7 nm cylindrical features
using a Pluronic blend as a lithographic resist.
Using the same RIE parameters as the SiO2 and Si3N4 measurements, a 150 W CF4
plasma was used to successfully transfer the parallel cylindrical patterns of Pluronic F127
(blended with 20 wt % MG2OH and 12% TMMGU) into a thermal SiO2 film. This blend is
identical to that in Figure 5.6a. The final replicated patterns are shown in Figure 5.14 with
both height (image b) and phase (image c) AFM images. As expected, the height image
shows very little contrast. Line scans of the patterns shown an average feature height of
approximately 2‐3 nm, or half the size of the cylindrical domains in the original resist
corresponding to an aspect ratio of approximately 0.5. This is not unreasonable considering
the etch rate of the SiO2 was about half that of the PEO‐MG2OH blend at the same RIE
conditions.
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Figure 5.14. (a) AFM phase image of the F127‐20% MG2OH resist shown in Figure 5.6a
before reactive ion etching. (b) Height image and (c) phase image of the BCP‐patterned SiO2
substrate after pattern transfer by a 60 second CF4 reactive ion etch.

The transferred patterns are much easier to distinguish in the phase image (Figure
5.14c). Aside from the small, obvious rough spots that may be due to contamination, the
overall replicated pattern quality is excellent given the pattern size. Comparison of the
etched and unetched films shows exactly how well copolymer pattern fidelity was preserved
and the minimal role line edge roughness played in the overall pattern transfer. The
calculated FFT from the phase image (Figure 5.14c inset) gives an alternative representation
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of the pattern definition, which is impressive when compared to the original resist (Figure
5.14a).

Figure 5.15. AFM phase image of the BCP‐patterned SiO2 substrate after pattern transfer by
a 45 second CF4 reactive ion etch and a 45s 50 W inductively coupled O2 plasma ash. The
replicated pattern is still clearly visible after the ashing step. The image size is 1.5 m  1.5
m.

The etch time used in the pattern transfer in Figure 5.14 (60 seconds) is sufficient,
based on the measured etch rates, to remove all the resist from the oxide. However, the
pattern transfer process was repeated with an identical film under the same plasma
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parameters, but instead using a shorter 45 second etch time. This time, the etched wafer
was also ashed post‐etch in a low energy, O2 ICP plasma at 50 W for 45 seconds to remove
any possible leftover copolymer resist. A similar 14 nm film previously unexposed to the CF4
plasma etch was also placed next to the 45 second pattern transfer sample and O2‐cleaned
simultaneously.

No remaining thickness was observed by ellipsometry for either the

patterned transfer wafer or the control. The phase image of the replicated pattern is shown
in Figure 5.15 on a 1.5 m  1.5 m scale. After the O2 plasma cleaning step, the block
copolymer pattern remained clear, eliminating the possibility of leftover copolymer resist as
the source of the pattern in AFM.

The small particle‐like defects are most likely

contaminates due to sample prep.

5.4

Conclusions
Building off of the bulk phase behavior of the surfactant blends discussed in Chapter

4, several thin film analogues were studied for their utility as lithographic etch masks. The
purpose here is to replicate an ordered block copolymer’s morphology into an underlying
SiO2 or Si3N4 film using reactive ion etching. This involved developing an understanding of
several aspects including the effects of crosslinking on the crystallization, the additive role
on both the copolymer phase separation and segment‐segment reactive ion etch contrast,
and the etch contrast between the resist and the underlying nitride or oxide film.
The molecular glasses were shown to be capable of driving both phase separation
and order‐order transitions in thin films of Pluronic F127 and Brij 78 surfactant‐additive
blends. MG2OH also proved to be useful in significantly increasing the etch resistance of
pure PEO through blending. In addition, this created etch contrast between the surfactant
resist and the oxide and nitride films. These films of F127‐MG2OH blends were ultimately
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used as nanolithographic pattern transfer resists to successfully transfer 6‐7 nm cylindrical
domains into SiO2. These patterns, replicated using CF4 RIE, showed excellent pattern
definition and low line edge roughness, which was very similar to the original resist.
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CHAPTER 6
FUTURE WORK

6.1

Pattern Transfer of BCP Surfactant‐Small Molecule Blends (Sub‐5 nm Features)
The work in Chapter 4 and Chapter 5 clearly show ordered surfactant films can be

made with feature sizes well below that seen with Pluronic F127. Brij 78, was shown in this
work to successfully phase separate into well‐segregated bulk and thin film samples with a
d‐spacing of only 6 nm, or a minor domain width of less than 3 nm. Other work by both
Tirumala1 and Pai2 has demonstrated films of Brij 78 and a similar surfactant, Brij 76, that
have excellent long‐range order after selective infusion and reaction of a silica precursor
into the PEO domain, i.e. replicating the block copolymer morphology into a mesoporous
silica material. One of the next logical steps for the pattern transfer work described in
Chapter 5 would be to use these low molecular weight Brij surfactants to extend RIE pattern
transfer to the lower limit of practical length scales. Due to imaging difficulties, resist
selectivities, etc., this is likely very near the length scales of the Brij surfactants.

6.2

Oriented Domains for Pattern Transfer Using Graphoepitaxy on Pre‐patterned
Surfaces
The thin BCP surfactant films described in this work all show nearly random

orientation, or poor long‐range order, of the ordered cylindrical and spherical morphologies.
This is likely a result of several factors including their relatively low Flory interaction
parameter (and the product N) in addition to interactions with the substrate. Preliminary
annealing experiments on these single domain‐thick films has proven extremely difficult,
mostly due to dewetting and crystallization that occur upon exposure to a good or even
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relatively poor solvent. Crystallization is especially greater for low additive concentrations
(20 wt %), while spontaneous dewetting occurs more readily with decreasing surfactant
molecular weight.

Figure 6.1. SEM images of patterns in SU‐8 negative‐tone photoresist before pattern
transfer into the underlying SiO2. The patterns were generated by scanning e‐beam
lithography and have trench widths of approximately 150 nm. The feature dimensions can
be further optimized to improve graphoepitaxy by surfactant resists spun on top of the
patterned wafer.

To produce a well‐oriented, near single‐grain film with a thickness equal to 1d,
graphoepitaxy is the most promising and practical option. Patterned surfaces are relatively
easy to produce, and a wide body of literature exists on directed self‐assembly, including the
use of both physically and chemically patterned substrates. Patterned trenches produced
by e‐beam lithography (courtesy of Nick Hendricks; Polymer Science Department, UMass
Amherst) are shown in Figure 6.1. These patterned features have trench widths of 150 nm,
but can be easily adjustable by resist selection and by adjusting the e‐beam writing
software. In fact, this image depicts one of several trench widths. Using e‐beam allows one
to essentially take a combinatorial approach to optimization of the line width by creating an
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array of different patterned feature sizes on a small wafer surface. Using only a single spin‐
coated film, it is then possible to determine the best patterned wafer geometry to obtain
films with excellent long‐range orientation. The F127 resist blends used in Chapter 4 and in
Chapter 5 would make excellent systems for future investigations into thin surfactant resists
with long‐range orientation.
An example of the same system used for pattern transfers in Chapter 5 is shown in
Figure 6.2 spun onto a patterned wafer (Lucent Technologies) with trench widths of
approximately 300 nm and a depth of 20 nm. It is possible that slightly improved ordering
exists based off of the AFM image, but the domain registration and orientation is lost most
likely due to the excessive trench width. This emphasizes the importance of understanding
the optimal patterned dimensions to improve long‐range orientation of the copolymer
surfactant template.

Figure 6.2. AFM phase image of a blend of F127‐20 wt % MG2OH crosslinked with 12%
TMMGU. The film was deposited in SiO2 trenches 300 nm wide and with a depth of 20 nm.
The patterned wafer for this sample was cut from a larger 8” patterned wafer obtained from
Lucent Technologies.
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6.3

Phase Behavior of a BCP Monolayer on an Interacting, Polymer‐Grafted Surface
When spin coating a typical F127 resist blend (20% MG2OH crosslinked with 12%

TMMGU) onto a PHEMA‐modified substrate, interesting resist phase behavior was
observed. In this case, PHEMA, or poly(hydroxyethyl methacrylate), was grown by ATRP
after anchoring an initiator to the silicon wafer surface.

Following the same resist

deposition procedure used in the pattern transfer to obtain a parallel cylindrical
morphology, this expected structure was not observed as expected. Instead, the formation
of what resembles normally‐oriented cylinders or a spherical morphology was observed and
is shown in Figure 6.3. However, preliminary experiments may suggest this is, in fact, an
ordered spherical morphology induced by the interacting (hydrogen bonding) PHEMA layer
underneath.
These experiments involved spin coating the resist onto a PHEMA‐coated silicon
wafer instead of the grafted PHEMA. This relatively thick PHEMA homopolymer film was
crosslinked with increasing ratios of TMMGU, the goal here being to gradually reduce the
number of available chains capable of hydrogen bonding to the PEO block of F127 by
forming an increasingly crosslinked network. AFM images of F127‐20 % MG2OH (identical
to those described in previous sections) crosslinked with varying amounts of TMMGU are
given in Figure 6.4. At the highest crosslink densities (8 and 15 wt % TMMGU), the F127
blends imaged by AFM showed the same parallel cylindrical morphology seen when
deposited on untreated silicon wafers. This indicates that the PHEMA films interact less
with the PEO block of the F127 as crosslink density is increased.

As the TMMGU

concentration is decreased, and therefore the crosslink density reduced, the AFM images of
the resist began to resemble those shown in Figure 6.3.
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Figure 6.3. A blend of F127‐20 wt % MG2OH crosslinked with 12% TMMGU similar to the
figure above, but spun on top of a wafer modified by growing polyhydroxyethyl
methacrylate (PHEMA) homopolymer from the surface. Both images are from the same
sample but at different scan sizes.
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Figure 6.4. AFM phase images of a crosslinked blend of F127‐20 wt % MG2OH spin‐coated
approximately one d‐spacing thick (≈ 13 nm). The films were spun onto silicon wafers
containing relatively thick films of PHEMA crosslinked with (a) 0 %, (b) 4 %, (c) 8 %, and (d)
15 % TMMGU. Image “a” represents an uncrosslinked sample, which should correspond to
maximum interaction between the PHEMA and the PEO blocks. Image “d” corresponds to a
crosslinked film, which should have the least amount of PHEMA‐PEO block interaction.

An interesting experiment would be to reduce the concentration of MG2OH in the
spun film significantly (or completely), and then observe its structure in AFM. A well‐
segregated structure, especially for surfactants with molecular weights lower the Pluronic
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F127, would suggest the grafted PHEMA brush is hydrogen bonding to the Pluronic PEO
segment and inducing phase separation.

Other interesting experiments may involve

changing the grafting density and grafted polymer’s molecular weight to obtain the optimal
interpenetration of grafted polymer‐PEO block chains. Confirmation of phase separation
induced by a grafted polymer or polymer brush would be the first report of such behavior to
the best of our knowledge.
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